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Abstract

Since the 1980s, the nautica l bo ttom  in the ou te r h a rb o u r o f Z eeb rugge  is de term ined by the 
1 1 5 0 k g .m '3 density level, as due to  s ilta tion  conven tiona l bo ttom  survey techniques are no t adequa te . As 
a consequence o f m od ifica tions  o f the m ud layer characteristics, a revision o f this crite rion  was required. 
A  research p ro jec t, invo lv ing  com prehensive  cap tive  m ode l testing in a m anoeuvring  tan k  w ith a bo ttom  
covered w ith m ud s im u la ting  m ateria ls , m athem atica l m o d e llin g  and  rea l-tim e  fu ll m ission b ridge 
s im u la to r runs, resulted in new crite ria , based on the ship be ha v iou r and c o n tro lla b ility  in m uddy 
nav iga tion  areas. The ap p lica tio n  o f the results o f this research p ro je c t increases the effic iency o f 
m a in tenance  d re dg ing  works and  con tribu tes to  the safety o f sh ipp ing  tra ffic , as the pilots invo lved in the 
m anoeuvres ob ta in  a m ore p ro fo un d  ins igh t in to  specific  aspects o f ship behaviour.

Motivation

Introduction

Due to  sedim entation, perm anent m aintenance dredg ing works are required to  keep many ports 
accessible fo r deep-drafted sea-go ing vessels. In case o f hard bottoms such as rock, clay o r 
sand, the depth o f the navigation areas can be determ ined unam biguously by means o f echo 
sounding techniques; if the bottom  is covered with soft mud layers, however, the boundary 
between w ater and bottom  may be hard to  define. In this case, the custom ary concepts 'b o tto m ' 
and 'd e p th ' are to  be replaced with 'nau tica l bo ttom ' and 'nau tica l dep th '.

N av iga tion  in m uddy areas is not a new problem . The Flemish coastal harbour o f Zeebrugge is 
subject to  sedim entation since its m a jo r extension in the 1970s. A lso in o ther harbours all over 
the w orld , the defin ition  o f the bottom  and sounding techniques needs to  be adapted to  the 
presence o f sedim entations: this is the case fo r the access channels to  several harbours in the 
Netherlands (Rotterdam), France (Bordeaux, Nantes -  Sa int-N azaire, Cayenne), G erm any 
(M oderort, Emden, W eser, Brunsbüttel fairways) and the USA. In many harbours (e.g. Bangkok, 
M araca ibo ), it is even com m on practice to  navigate th rough the mud layer.

N either is ship con tro llab ility  in m uddy navigation areas a new research top ic . The first tests with 
a tanker m odel above and in contact with mud layers sim ulated by a m ixture o f ch lorinated 
paraffin  and kerosene were carried ou t in 1976  at MARIN (W ageningen, the Netherlands: 
Sellm eijer et a l., 1983). In 1 9 8 6 -8 9 , a p re lim inary test facility  fo r se lf-prope lled ship models 
was constructed at Flanders Hydraulics Research (Antwerp, Belgium : Van C raenenbroeck et a l., 
1 99 1 ; Vantorre , 1991) in o rder to  investigate some aspects o f a ship's behaviour in muddy 
waterways; fo r this purpose, both natura l, a rtific ia lly  com posed and sim ulated mud layers were 
used. Also at SOGREAH (G renob le , France: Brossard et a l., 1990) tow ing tests with a tanker 
m odel were carried ou t in 1989 . M ore  recently, m odel tests were conducted at the 
Bundesanstalt fü r W asserbau in H am burg (Uliczka, 2 0 0 5 ). N o t only m odel tests were
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conducted : reports o f full scale experiences w ith ships navigating with reduced and even 
negative under keel clearance referred to  the w ater-m ud interface in Rotterdam, Nantes -  Saint- 
Nazaire and Zeebrugge were published in the 1 970s and 80s.

The present paper intends to  give an overview o f a com prehensive research pro ject executed in 
2 0 0 1 -2 0 0 4  at Flanders Hydraulics Research (Antwerp) in close coopera tion  w ith the M aritim e 
Technology Division o f G hent University, with the main purpose o f redefin ing the boundaries o f 
safe navigation in the harbour o f Zeebrugge. This investigation, tha t was required due to 
considerab le  m odifica tions o f the local mud properties, fo llow ed an innovative approach  as the 
defin ition  o f the nautical bottom  is closely linked to  the acceptab le  limits o f ship behaviour and 
contro llab ility .

N autical bottom concept

Defin ition

The navigation o f ships in channels and harbours subject to  sedim entation is closely linked to  
the nautical bottom  concept tha t is often introduced in these areas in case o f difficulties with 
bottom  survey techniques o r with the interpretation o f survey results. A  typ ical exam ple is the 
frequency dependence o f the results o f echo-sounding: while  h igh-frequency echoes (e.g. 
210kHz) reflect at the m ud-w ater interface, lower frequency signals (e.g. 33kHz) penetrate 
much deeper into the mud and also give less c lear results.

A  jo in t PIANC-IAPH w orking g roup  (PIANC, 1997) defined the nautical bottom  as 'the level 
where physical characteristics o f the bottom  reach a critica l lim it beyond which contact w ith a 
ship 's keel causes e ither dam age o r unacceptable effects on contro llab ility  and 
m anoeuvrab ility '. In this way, the nautical bottom  is identified as the level tha t should not be 
touched by the ship 's keel. In case o f a hard bottom , this is an obvious statement, but the 
defin ition  is valid in o ther situations where the bottom  can be defined in d ifferent ways, e.g. 
when the bottom  is covered with boulders o r sand dunes. In m uddy areas, the nautical bottom  
can be interpreted as the level where the navigable  flu id  mud ends and the non-navigab le  
seabed begins.

Im plem entation

The strength o f this defin ition  is, therefore, the very general app lica tion  fie ld . O n  the other 
hand, this defin ition  rather suggests a general ph ilosophy, w ithout giving a practical so lution. 
O n  the contrary, a num ber o f questions are raised:

■ W hich physical characteristic should be selected?
■ W hich num erical value fo r this characteristic should be considered as a critica l value?
■ W hat is m eant by 'unacceptab le  effects'?

W ith respect to  the last question, it is c lear tha t the degree o f acceptance depends on a huge 
variety o f -  objective and subjective -  param eters, including local environm enta l cond itions, 
degree o f tra in ing  and expertise o f the pilots, ava ilab ility  o f tug assistance, qua lity  o f aids to 
nav iga tion , econom ic considerations.

C onsidering the first tw o questions, it is most obvious tha t a physical characteristic should be 
selected tha t is d irectly linked with forces exerted by contact between a ship 's hull and mud 
layers. In this respect, a rheo log ica l property -  such as viscosity o r yield stress (i.e. the shear 
stress to  be overcom e in o rder to  initia lise m ateria l flow) -  could be used to  determ ine a



suitab le criterion. A ty p ic a l dep th-rheo logy relation is shown in Fig. 1, left. Just below  the water- 
mud interface, the rheo log ica l properties o f the mud are hardly d ifferent from  those o f water. At 
a certa in level, defined as the 'rh eo lo g ica l trans ition ', yield stress and viscosity increase very 
quickly with depth. M oreover, fu ll scale tests with a suction hopper d redger in Zeebrugge have 
shown tha t a ship 's behaviour becomes unacceptable if her keel touches this level: a ship 
becomes uncontro llab le  and fo llows the 'easiest' way in the mud. A t the same tim e, it is 
practica lly im possible to  decrease speed, even not at one o r tw o knots. This rheo log ica l 
transition  level could therefore be identified as the nautical bottom .
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Fig. 1. Rheology as a func tion  o f depth in Z eebrugge ha rbo ur: m easurem ents in 1 9 8 7  (De M eyer and 
M a lhe rb e , 1987 ) and  19 97 .

Nevertheless, most harbour and waterways authorities tha t have introduced the nautical bottom  
concept make use o f a density criterion: in Rotterdam, Nantes -  Saint-Nazaire and Bordeaux a 
density level o f 12 0 0 k g .m '3 has been adapted ; in Cayenne, the nautical bottom  coincides with 
a density o f 1 2 7 0 k g .m '3. An exception should be made fo r the m ethodo logy app lied  in the 
access channels to  G erm an harbours, where a dynam ic viscosity o f lOPa.s is used as a 
c rite rion ; the corresponding density values vary from  1100  to  12 5 0 k g .m '3 (Uliczka and 
Liebetruth, 2 0 0 5 ). The reason fo r this varia tion  can be found in the fact tha t there is no fixed 
re lationship between the mud density -  a characteristic tha t is directly related to  the 
concentra tion o f solid m ateria l in the suspension -  and the rheo log ica l properties o f the mud. It 
is c lear tha t the latter increase with increasing density, but a lso the dim ensions o f the solid 
particles matter: fo r an equal density, the viscosity increases if the fraction o f small particles is 
larger. Therefore, the rheo log ica l properties also depend on the mud content, i.e. the fraction 
o f particles sm aller than 63¡Jm. Therefore, it is im possible to  define a universal value fo r the 
critica l density.

The reason why the nautical bottom  is usually expressed in function o f a critica l density, is 
related to  the disadvantages o f rheo log ica l in-situ measurements. A  continuous rheologica l 
survey m ethod, com parab le  to  echo-sounding, is not ava ilab le . Furtherm ore, mud rheology is 
influenced by the sam pling m ethod, which makes it d ifficu lt to  com pare  data from  different 
sources. This is a consequence o f the th ixotropy o f the m ud: the yield stress decreases if the 
m ateria l is d isturbed, so tha t mud behaves more like a liquid a fter it has been stirred.

It can therefore be concluded tha t a rheology-based property such as the rheo log ica l transition 
level provides an excellent criterion , but can only be determ ined by tim e-consum ing point 
measurements. In o rder to  provide a practical criterion , a critica l density is selected, based on 
considerations abou t the rheo log ica l properties o f the local mud. In Zeebrugge, the density 
corresponding with the rheo log ica l transition  was determ ined at a large num ber o f locations;



eventually, the 115 0 k g .m '3 was selected as at a ll locations the rheo log ica l transition was 
located below  tha t horizon (Kerckaert e ta / . ,  1 9 8 5 , 1988).

The use o f classical echo-sounding techniques in a nautical bottom  approach  requires some 
attention (Fig. 2). If acoustic signals with d ifferent frequencies reflect at d ifferent levels, a useful 
qua lita tive  ind ication  is given abou t the presence o f flu id  mud layers. H igh frequency echoes 
(100-21 OKHz) ind icate the interface w ater-m ud, while  low  frequency signals (15-33KHz) 
penetrate deeper and are norm ally reflected somewhere in the conso lidated mud layer o r the 
hard bottom .

kHz

Fig. 2 . Echo sound ing  in m uddy areas: high and  low  frequency 
signa l (De Brauwer, 2 0 0 5 ).

At some locations, the low  frequency echo is considered to  co inc ide  with the nautical bottom . 
This approach  offers the advantage o f sim plic ity: no add itiona l instrum entation is required. O n  
the o ther hand, the in terpretation o f low  frequency echoes in mud layers is rather subjective, as 
several echoes may be registered. M oreover, several observations show tha t the reflection o f a 
low  frequency signal takes place at a level where the mud is characterised by a considerab le  
yield stress and viscosity.

A d d itiona l requirem ents

In o rder to  guarantee safe navigation in muddy areas, a c lear defin ition  and practical survey 
method fo r determ ining the nautical bottom  is a first requirem ent. However, add itiona l 
in form ation  is required to  assess safety o f navigation.

In the first p lace, a m in im um  value o f the under keel clearance (UKC) needs to  be determ ined; 
this value may depend on tem pora l and local cond itions, as is also the case above a hard 
bottom .

The p ilo t and master should a lso have a c lear insight into the ship behaviour in the given 
cond itions. A  ship may be con tro llab le , but her reactions to  actions o f rudder, prope lle r, bow 
thruster o r tugs may be com plete ly d ifferent com pared to  solid bottom  conditions. This 
behaviour may depend on a variety o f param eters, such as vessel speed, the ship 's (positive o r 
negative) under keel clearance referred to  the m ud-w ater interface, the physical characteristics 
o f the mud layers touch ing  the ship 's keel, etc.

Revision o f the nautical bottom  criterion fo r the harbour o f Zeebrugge

The m ethodo logy described above to  determ ine the nautical bottom  by means o f a critical 
density is a p ragm atic one, but has several drawbacks. In the first p lace, it should be borne in 
mind tha t this density level has no absolute va lue, but is linked to  the local mud characteristics.



Secondly, the va lid ity o f this critica l density value should be checked on a regular base, as mud 
characteristics such as m ud/sand content may vary over the years.

In the outer harbour o f Zeebrugge, the determ ination  o f the nautical bottom  based on a critical 
density value o f 115 0 k g .m '3 worked well in practice fo r several years. In the mid 1990s, 
however, an increase o f the mud layer thickness was observed; m oreover, it appeared to  be 
more d ifficu lt to  contro l the 11 5 0 k g .m '3 level by m aintenance dredg ing works. A  measuring 
cam paign  in 1997  revealed tha t the rheology pro file  o f the mud had s ign ificantly changed 
(Fig. 1, right). A  first, sm all rheo log ica l jum p occurred just be low  the w ater-m ud interface while 
a second, more im portan t one occurred at a depth o f 3 to  4m  under the interface, 
corresponding with a density tha t is s ign ificantly h igher than the current critica l value o f 
11 5 0 kg .m '3. The interested parties consequently considered an increase o f the critica l density 
lim it. For m aintenance dredg ing the intrinsic dredge ou tpu t could be s ign ificantly im proved by 
d redg ing mud o f a h igher density.

From a nautical perspective, however, an increase o f the critica l density w ou ld  have im portant 
consequences. W ith a critica l density o f 11 5 0 k g .m '3 and an under keel clearance o f 10% of 
d ra ft the ship 's keel hardly ever touches the mud layer, but an increase o f the critica l lim it would 
inevitably result in contact between the keel o f deep-drafted conta iner ships and the mud layer 
and possibly in unacceptable effects on ship handling. In o rder to  investigate these effects, a 
research pro ject was started at Flanders Hydraulics Research in Antwerp, with the scientific 
support o f the M aritim e  Technology Division o f G hent University. Indeed, the in form ation  
ava ilab le  appeared to  be insufficient fo r a com plete  assessment o f con tro llab ility  o f ships in 
contact w ith mud layers, so tha t m ore in depth research was required (PIANC, 1 99 7 ; Vantorre, 
1994).

In itia l state of the a rt

As m entioned above, only a few research institutes have investigated ship behaviour in muddy 
areas. A  sum m ary o f the results o f these research projects w ill be given in o rder to  define the 
in itia l state o f the art.

Causes o f deviating behaviour

At first, the causes o f d ifferent behaviour due to  the presence o f mud layers com pared to  a solid 
bottom  situation are considered. Two main causes can be identified:
■ the rheo log ica l properties o f the m ud;
■ the presence o f a second flu id  layer and, therefore, a second interface: above a solid bottom , 

only a w ater-a ir interface is present, while in m uddy areas also a w ater-m ud interface occurs.

A lthough interactions cannot be den ied, in general it can be stated tha t the first cause is m ainly 
o f im portance in case o f contact between the ship 's keel and the mud layer; the second, on the 
o ther hand, also affects the ship 's behaviour in case no contact takes place, as a result of 
undulations -  vertical interface m otions -  generated in the m ud-w ater interface due to  the 
pressure fie ld around the m oving hull.

Interface undulations

These vertical interface m otions are influenced by the ship 's forw ard speed (Fig. 3):

■ At very low  speed, the interface remains practically undisturbed (1 st speed range).



■ At interm ediate speed, an interface sinkage is observed under the ship's entrance, which at a 
certa in section changes into an elevation. This internal hydraulic jum p is perpend icu la r to  the 
ship 's long itud ina l axis and moves towards the stern with increasing speed (2nd speed range).

■ At h igher speeds, the interface jum p occurs behind the stern (3rd speed range).

Fig. 3. M ud -w a te r in te rface undu la tions : second speed range (above), th ird  speed range (below)
(Vantorre, 2 0 0 1 ).

It can be shown by means o f a s im plified theory tha t the critica l speed separating the second 
and th ird  speed ranges can be ca lcu lated as a function o f the mud to  w ater density ratio  and 
the water depth (Fig. 4). It is c lear tha t this critica l speed value is situated in the usual speed 
range at which harbour approach  takes place.

Resistance and propulsion

The effect o f interface de fo rm ation  on the propulsive properties o f a ship is clearly illustrated by 
the relation between forw ard speed and p rope lle r rate. In the second speed range, a given 
prope lle r rpm results in a s ign ificantly low er speed com pared to  a solid bottom  situation; it 
appears to  be d ifficu lt to  overcom e the critica l speed. In the th ird speed range, the effect o f the 
muddy bottom  is practically nil (Fig. 5). The transition  between second and th ird  speed range is 
very c lear at under keel clearances o f 10 to  20%  o f d ra ft relative to  the interface, but is 
sm oothed with decreasing under keel clearance.

O ne  would expect this effect to  be caused by increased resistance in the second speed range. 
There are ind ications, however, tha t the speed reduction in the second speed range observed in 
the speed-rpm  relationship is not caused by increased resistance, but by obstruction o f the flow  
to  the p rope lle r due to  contact between the ship 's keel and the risen interface. An im portant



increase o f the thrust coeffic ient is observed in these cond itions, which indicates an increase o f 
the wake factor.

It can be concluded tha t poo r propulsive efficiency can occur in the second speed range, if the 
risen interface touches the ship's keel, while  the entrance is fu lly in contact w ith the water. In 
these cond itions, con tro llab ility  problem s with a backing p rope lle r are expected as well, which 
may affect the stopping distance.
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Fig. 4 . C ritica l speed separa ting  2 n d  and  3 rd  speed 
ranges as a func tion  o f m ud -w a te r density 
p 2/p i  ra tio  fo r  d iffe ren t w a te r depths h, :

U cn, = [0 .2 9 6 g h 1( l - P l / p 2 )]05

(Vantorre, 2 0 0 1 ).

Fig. 5. Relationship speed -  p ro pe lle r rate:
in fluence o f bo ttom  characteristics and 
under keel c learance  (Vantorre, 2 0 0 1 ).

M anoeuvrab ility

Sim ulations based on the captive m odel tests carried out at MARIN resulted into fo llow ing  
conclusions concern ing the effect o f mud on ship m anoeuvrab ility :

■ The effect o f mud is larger at low  speed (3 knots) than at h igher speed (7 knots).
■ M anoeuvres are slower with m ud, especially at low  positive UKC relative to  interface.
■ M ud slackens steady m otions (speed, drift, rate o f turn during turn ing circle tests), but 

accelerates dynam ic motions (overshoot and swept path during zigzag tests).
■ A  co rre la tion  between m anoeuvrab ility  and internal waves is observed.

Rudder action is affected due to  the presence o f a flu id  mud layer in several ways. The most 
striking effect is so-ca lled instability o f rudder action which was observed during se lf-prope lled 
m odel tests at Flanders Hydraulics Research if the ship 's keel touches both w ater and m ud: in 
these cond itions, a rudder deviation may lead to  reversed effects at small rudder angles.

Sum marised, m anoeuvrab ility  and con tro llab ility  are m ainly affected at low  speed and small 
positive under keel clearance referred to  the m ud-w ater interface.

Discussion

The conclusions o f fo rm er research program s are certa in ly useful fo r a better understanding of 
the physical mechanisms tha t cause the m odified ship behaviour in m uddy navigation areas.



However, the ava ilab le  in form ation  was certa in ly not sufficient fo r redefin ing the nautical bottom  
in the harbour o f Zeebrugge. As a m atter o f fact, several questions rem ained unanswered:

Accord ing  to  the in form ation  summ arised above, ship behaviour is mostly affected at small 
positive under keel c learance with respect to  the m ud-w ater interface; fu rther penetration into 
the mud would lead to  an im provem ent o f the con tro llab ility  o f the ship. O n  the o ther hand, 
com m on practice indicates that there must be a m axim um  acceptab le  penetration into the 
mud.
Previous w ork m ainly considered low  viscosity mud layers, so tha t the present range o f 
rheo log ica l characteristics o f the Zeebrugge mud was not covered (Fig. 6).
O n ly  fu ll fo rm  ships, m ainly tankers, were investigated in the past, while presently conta iner 
tra ffic  has the highest priority fo r most harbours, includ ing Zeebrugge.
A  com ple te  m athem atical m odel a llow ing  sim u la tion  o f harbour manoeuvres, including 
backing and berth ing, has to  be ava ilab le  to  assess the fu ll range o f manoeuvres tha t a ship 
arriv ing at o r departing from  the harbour has to  carry out by means o f rea l-tim e sim ulation
runs.
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Fig. 6. Density-viscosity com b in a tion s : observations in Z eeb rugge  (1998 ) and m odel tests.

An extensive research program  has therefore been carried out at Flanders Hydraulics Research, 
Antw erp, with the scientific support o f the M aritim e  Technology division o f G hent University. The 
pro ject consisted o f three phases:

■ captive m odel tests in the tow ing tank fo r manoeuvres in sha llow  water with ship models 
navigating above and th rough  sim ulated mud layers;

■ deve lopm ent o f m athem atica l models suited fo r m anoeuvring sim ulation based on the m odel 
test results;

■ execution o f fast-tim e and real-tim e sim ulation runs in realistic situations.



Experimental program

Test facilities

Flanders Hydraulics Research, the hydraulic research station o f the Waterways and M aritim e 
Affairs Adm in istra tion  o f the M inistry o f Flanders, is particu larly concerned with the investigation 
o f ship hydrodynam ics fo r problem s in relation with the concept, adapta tion  and opera tion  of 
navigation areas. Therefore, the (very) sha llow  w ater range -  occurring in access channels, 
canals, harbours -  is a main research dom ain .

N autica l aspects o f these problem s can be investigated by means o f tw o full mission ship 
m anoeuvring sim ulators. In o rder to  provide the m athem atical m odel o f these sim ulators with 
re liab le  and realistic da ta , experim ental facilities fo r ship m odel testing have been developed. At 
present the latter consist o f a sha llow  water tow ing tank (8 8 m *7 .0 m *0 .6 m ), equipped with a 
p lana r m otion carriage, a wave generator and an auxiliary carriage fo r ship-ship interaction. 
The com puterised contro l and da ta -acqu is ition  allows fu lly au tom atic  opera tion  o f the facilities, 
so tha t tests can be perform ed tw enty-four hours a day, seven days a week.

Ship models

For the investigation o f navigation in m uddy areas, tw o 1/7 5 -sca le  models were selected: a 
6 0 0 0  TEU conta iner ca rrie r (model D: Lpp=  2 8 9 .8 m ; B =  4 0 .2 5 m ; T =  1 3 .5 0 m ; C B=  0 .59 ) and 
a full fo rm  (type tanker /  bulk carrier, m odel E: Lpp=  2 8 6 .8 m ; B =  4 6 .7 7 m ; T =  15 .5 0m ; 
C b =  0 .82 ). A  lim ited num ber o f m odel tests was also conducted with an 8 0 0 0  TEU conta iner 
carrier (model U: Lpp =  331 .8m ; B = 4 2 .8 m ; T =  1 4 .5 m ; C B= 0 .6 5 ; scale 1 /8 0 ) . M ost experiments 
have been carried ou t w ith m odel D, taking account o f the im portance o f con ta ine r tra ffic  fo r 
the harbour o f Zeebrugge. A ll ship models were equipped w ith a p rope lle r and a rudder.

Bottom conditions

The mud was sim ulated by a m ixture o f tw o types o f ch lorinated paraffin  and petro l, so tha t 
both density and viscosity cou ld , w ithin certa in ranges, be con tro lled . For environm enta l 
reasons, the tank was divided into three com partm ents: a test section, a 'm u d ' reservoir and a 
w ater reservoir. Bottom and walls were covered w ith a polyethylene coating (Fig. 7).

reservoir

Fig. 7. T ow ing tan k  la y -ou t (pho tog raph  Flanders Hydrau lics Research).



The selected density-viscosity com bina tions and the tested bottom  conditions are represented in 
Fig. 6. This selection was based on measurements o f density and rheology profiles in situ 
carried out in the outer harbour o f Zeebrugge in 1 9 9 7 -9 8 . A mud layer configura tion  is defined 
by tw o characters: a letter (b, . . . ,  h), denoting the m ateria l characteristics and a figure (1, 2 , 3), 
representing the layer thickness (0 .75m , 1 .50m  and 3 .0 0 m , respectively). Tests carried out 
above a solid bottom  are referred to  as 'S'. The bottom  conditions app lied  to  ship m odel D are 
listed in Table I.

Table  I. Tested bo ttom  cond itions  fo r  m ode l 'D ' (6 0 0 0  TEU con ta in e r carrier)

M ud  type 'd ' ' c V T V ' e' I f  IÇ fg s
Density (kg .m '3) 1 100 1 1 5 0 11 80 1 2 0 0 1 2 1 0 1 2 6 0 1 2 5 0
D ynam ic viscosity (Pa.s) 0 .0 3 0 .0 6 0 .1 0 0.11 0 .1 9 0 .2 9 0 .4 6
Layer thickness no. 1 /2 /3 1 /2 /3 1 /2 /3 2 1 /2 /3 2 1 /2 /3  -

For m odel D the under keel clearance relative to  the tank bottom  was varied between 7 and 
32%  o f d ra ft, y ield ing an under keel clearance relative to  the m ud-w ater interface varying 
between -1 2  and + 2 1 %  (see Fig. 8). For m odel 'E ' the values fo r the under keel c learance 
were extended between 10 and 15% o f d ra ft referred to  the tank bottom , and from  -1 0 %  to  
+  1 0% relative to  the m ud-w ater interface.

3 .0  m .5 m 3.75 m
+  10% + 1 5 %  + 2 6 %  + 3 2 % + 1 0 %  + 1 5 %  + 2 6 %  + 3 2 % + 1 0 % + 1 5 %
-1 2 %  -7 %  + 4 %  + 1 0 % -1%  + 4 %  + 1 5 %  + 2 1 % + 4% + 9 %
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Fig. 8 . Tested com b in a tion s  o f m ud layer thickness (1 st row ), under keel c learance  to  so lid  bo ttom  (2nd 
row) and  to  m ud -w a te r in te rface (3rd row).

Test types

For each com b ina tion  o f mud type, layer thickness and under keel c learance, a captive test 
program  was carried ou t fo r determ in ing m athem atical m anoeuvring models covering a range 
o f fo rw ard speeds between 2 knots astern and 10 knots ahead. During captive m odel tests, a 
tra jectory in the horizontal plane -  involving com bined long itud ina l (surge) and lateral (sway) 
translations and rota tion abou t the vertical axis (yaw) -  is imposed to  the ship m odel by means 
o f the p lanar m otion carriage; however, the ship m odel is free to  move in the vertical plane 
(heave, pitch). The roll m otion was fixed during the test p rogram . These m otions can be 
com bined with rudder and p rope lle r actions, which do not influence the ship 's tra jectory, but 
make it possible to  investigate the effect o f contro l parameters on the hydrodynam ic forces and 
m om ent acting on the ship. Indeed, during captive tests, lateral and long itud ina l force 
com ponents are measured at tw o m easuring posts, fore and aft, so tha t the horizontal force 
com ponents and yaw m om ent due to  a com b ina tion  o f k inem atic (velocities, accelerations) and 
contro l (rudder ang le , p rope lle r rate) on the ship. Forces acting on the rudder (norm al and 
tangentia l com ponents, torque) and the p rope lle r shaft (thrust, torque) are measured to o , as



well as the vertical ship m otion (sinkage, trim ). In particu la r cases, the vertical m otion o f the 
m ud-w ater and w a te r-a ir interfaces were registered as well.

The experim ental program  consisted of:

■ Bollard pull tests: tests at zero speed with varying rudder ang le  and p rope lle r rate;
■ Stationary stra ight-line  tests ( 'ob lique  to w in g '): com b ina tion  o f ship speed, p rope lle r rate, 

rudder ang le  and d rift ang le ;
■ H arm on ic yaw and sway tests: com bina tions o f speed, rpm , am p litude  and period;
■ M u ltim oda l tests: harm onic va ria tion  o f p rope lle r rpm , rudder ang le  o r ship speed;
■ C om bined m ultim odal tests fo r va lida tion .

For each com b ina tion  o f ship m odel, bottom  cond ition  and under keel c learance, a standard 
test program  o f 224  runs was carried out.

M athem atical m anoeuvring model 

G eneral concept

Based on the results o f the captive m odel tests, a m athem atical m anoeuvring m odel fo r 
s im u la tion  purposes has been developed fo r each com b ina tion  o f ship m odel, bottom  cond ition  
and under keel clearance. A  m athem atica l m anoeuvring m odel consists o f a set o f equations 
expressing the long itud ina l (X) and lateral (Y) force com ponents and the yawing m om ent (N) as 
a function o f the ship 's horizontal m otion (velocities, accelerations) and contro l parameters 
(rudder and p rope lle r actions). The m athem atical models are o f the m odu la r type, so tha t the 
force and m om ent com ponents are expressed as a sum o f hydrodynam ic reactions on the hull, 
and terms induced by the p rope lle r and rudder action : F =  FH +  FP +  FR.

The m athem atical models have to  be valid in a broad range o f cond itions; during the access to  
a harbour, all com bina tions o f speeds (ahead and astern) and p rope lle r rates (forward and 
reversed) occur, so tha t the m odel should be able to  sim ulate fou r-quad ran t p rope lle r action , 
toge ther with d rift and yaw angles from  0 to  360deg . It was decided to  fo rm u la te  force 
com ponents by determ ining functions o f non-d im ensiona l parameters in a ta b u la r fo rm , rather 
than a ttem pting to  define analytica l expressions.

For m ore details abou t and a com plete  fo rm u la tion  o f the m athem atical m odel, reference is 
made to  Delefortrie  et al. (2005). O n ly  some typ ical aspects regarding the influence o f the 
bottom  properties on ship m anoeuvrab ility  w ill be m entioned in this chapter.

Hull forces

Follow ing results are o f interest fo r a better insight into the physical mechanisms determ ining a 
ship's behaviour in m uddy navigation areas:

■ The effect o f the under keel clearance on the ship's resistance is shown in Fig. 9 fo r several 
bottom  conditions. A  very sharp increase o f resistance is observed in case o f contact with high 
density mud layers; in case o f lower density m ud, on the o ther hand, the interface does not 
appea r to  be a strict boundary.

■ H ydrodynam ic inertia ('added mass') terms fo r sway and yaw increase s ign ificantly with 
decreasing w ater depth and increasing density and viscosity o f the mud layer, as is illustrated 
in Fig. 1 0. In case the ship's keel penetrates deep into the m ud, very large values are 
observed, up till seven times the ship's mass -  which implies tha t fo r inducing a lateral



m otion, an equ iva lent mass equal to  e ight times the ship 's own mass needs to  be accelerated. 
The layer characteristics appear to  be im portan t param eters, even if no contact occurs with 
the mud layer: the sha llow  water effect is sm oothened w ith increasing layer thickness and 
decreasing mud density and viscosity. Indeed, an abrupt transition  cannot be observed at 
h ,/T  =  1.
The m agnitude o f lateral force and yawing m om ent due to  d rift increases sign ificantly with 
decreasing w ater depth, as is illustrated in Fig. 1 1 (left). However, this increase appears to 
stagnate when the keel touches the interface; penetration into the mud layer does not result 
into a further increase. For a given positive under keel clearance relative to  the interface, the 
presence o f a mud layer appears to  sm ooth the sha llow  water effects, especially in case o f 
layers with low  density and viscosity (Fig. 1 1, right).
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Propeller induced forces

The long itud ina l force acting on the ship due to  p rope lle r action depends on the p rope lle r 
thrust, but also on the thrust deduction facto r; the larger the thrust deduction facto r, the sm aller 
the fraction  o f the thrust tha t is useful fo r the ship 's p ropu ls ion. A  larger value fo r this facto r -  
which implies a sm aller long itud ina l force fo r a given thrust -  is obta ined at positive under keel 
clearances relative to  the interface with high density mud layers; if the ship's keel touches the 
mud, on the o ther hand, the thrust deduction fac to r is larger fo r the lightest mud layers.

The p rope lle r thrust is determ ined by the p rope lle r rate and the axial in flow  velocity. The latter 
depends on the ship 's fo rw ard  speed, but a lso on the wake facto r: a larger va lue fo r this facto r 
implies a sm aller in flow  velocity and , therefore, a la rger p rope lle r load ing. The wake facto r is 
c learly affected by the bottom  conditions:

■ the wake fac to r increases with decreasing mud density, which implies an obstruction o f the 
flow  to  the p rope lle r; this phenom enon can be ascribed to  the vertical interface m otions;

■ contact between the sh ip1 s keel and higher density mud layers causes an in flow  o f tw o fluids 
into the p rope lle r, resulting into h igher thrust and to rque and , therefore, small wake facto r 
values.

Fig. 12 shows tha t the effect o f the presence o f mud on the overall efficiency o f the p rope lle r: 
com pared to  a solid bottom , a s ign ifican t loss o f efficiency is stated, especially fo r negative 
under keel clearances.
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Fig. 12. Ship m odel D. O ve ra ll p ro pe lle r e ffic iency: effect o f 
bo ttom  characteristics and under keel c learance.

Besides a long itud ina l fo rce , p rope lle r action also causes a lateral force and a yawing m om ent, 
due to  asymmetry o f the flow . This phenom enon is especially im portan t in the 2nd and 4th 
quadran t (com bination o f forw ard speed and backing p rope lle r, o r m otion astern and prope lle r 
ahead). In sha llow  water, it is observed tha t these actions are not constant in tim e, but conta in 
an im portan t slowly oscilla ting  com ponen t, the am plitude  o f which is in the o rder o f m agnitude 
o f the p rope lle r thrust. This effect was also included in the m athem atical model.



Rudder induced forces

The forces and yawing m om ent caused by rudder action depend on the axial flow  into the 
rudder. The latter is a function  o f the forw ard speed and the p rope lle r rate, but also o f the 
(long itud ina l and lateral) rudder wake factors. The latter are s ignificantly affected by the bottom  
cond ition  and the under keel c learance: the wake factors decrease -  and , consequently, the 
flow  to  the rudder improves -  with increasing mud density and with increasing under keel 
clearance. As a result, the in flow  to  the rudder is very unfavourab le  when the ship penetrates 
deep into soft, low  density mud layers.

Interface undulations

Several phenom ena described above are at least partia lly  linked to  the de fo rm ation  o f the mud- 
w ater interface. Some examples o f measured interface motions are shown in Fig. 13. The 
am p litude  o f the rising increases and its position moves m ore aft w ith increasing ship velocity 
and decreasing mud density. However, there is a lim it to  this increase. O nce  the maxim um  
occurs at a certain distance a fter the ship, the rising w ill even dim inish. W hen the ship 's keel 
penetrates the mud layer, tw o maxima are observed, one am idships and a second one aft. The 
second m axim um  w ill increase, while the first m axim um  w ill decrease, w ith increasing speed 
and decreasing mud density.
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Fig. 13. U ndu la tions o f the in terface: in fluence o f speed and under keel c learance.

W ith the present measurements the transition  from  the second to  the th ird  speed range takes 
place at a h igher speed than ca lcu lated with the fo rm u la  m entioned in Fig. 4 , p robably due to  
viscosity effects.

Real-tim e simulation runs 

Purpose

The fina l purpose o f the research program  consisted in determ ining revised opera tiona l limits 
fo r the navigation in the m uddy areas o f the harbour o f Zeebrugge. As the pilots play a central 
role in the sh ipping tra ffic  to  and from  Zeebrugge, the input o f the ir experience and assessment 
in this pro ject was required and highly appreciated. For a selection o f bottom  cond itions, a rea l­
tim e sim ulation program m e was organised w ith Zeebrugge pilots at the fu ll mission bridge 
s im u la to r o f Flanders Hydraulics Research, Antwerp. A ll runs were carried ou t with a conta iner 
carrier (length over a ll: 3 0 0 .0 m ; beam: 4 0 .2 5 m ; draft: 13.5m ) ca lling  at and departing  from  
the harbour o f Zeebrugge.

Two fu ll bridge sh ip -m anoeuvring sim ulators have been installed at Flanders Hydraulics 
Research fo r research and tra in ing : S IM 225 with a visual system o f 2 25 ° view and S IM 360 +  
with 360° view and lateral view o f the ship 's hull. S im ulation runs in m uddy navigation areas



were carried out with S IM 225 (Fig. 14). Both sim ulators consist o f a m ock-up  o f a ship's 
navigation bridge w ith te leg raph , rudder, radar, etc. C om m un ica tion  equ ipm ent is ava ilab le  
and manoeuvres can be assisted by up to  fou r tugs.

Fig. 14. Flanders Hydrau lics Research, ou ts ide  view  
o f fu ll m ission b ridg e  s im u la to r S IM 225 .

Leopold II Dam

Fig. 15. S im u la tion  runs: tra jecto ry

The sim ulation program m e was com posed paying attention to  several aspects:

■ Q ua lita tive  va lida tion  o f the m athem atical models. In o rder to  evaluate the realism o f the 
sim ulated ship 's behaviour, sim ulations were carried ou t in situations tha t may be com parab le  
w ith existing o r realistic situations. For this purpose, a num ber o f conditions above a solid 
bottom  and above m uddy bottom s with reduced under keel clearance was selected.

■ D eterm ination o f the limits o f the contro llab ility . A ccord ing  to  the PIANC defin ition , contact 
between the nautical bottom  and the ship's keel causes unacceptable effects on contro llab ility  
and m anoeuvrability . In o rder to  make an assessment in these matters, a series o f s im ulation 
runs was carried out during which contact occurred between the ship's keel and mud layers 
w ith h igher density and viscosity.

■ Evaluation o f the navigability  o f mud layers. An increase o f the critica l density level w ill 
possibly imply a penetration o f the ship 's keel into mud layers with low  density and viscosity. A  
num ber o f these conditions was selected fo r s im ulation runs.

Simulation program m e

In to ta l, 63 runs were carried ou t by 1 5 pilots during 8 days. The selected scenarios had to  fu lfil
the fo llow ing  conditions:

■ The manoeuvres should be typ ical fo r large conta iner carriers ca lling  at Zeebrugge, so tha t a 
feedback to  the pilots' experience was guaranteed;

■ The sim ulation runs should cover a broad range o f hydrodynam ic cond itions (speeds 
ahead /aste rn , p rope lle r rpm ahead /aste rn , d rift angles, yaw rates, ...).

A  selection o f fo u r manoeuvres was considered; most o f them  concerned arrival at o r departure
from  quay 2 0 5  (Fig. 15). The arrival scenario implies a dece leration phase, tugs m aking fast,
tu rn ing the old harbour m ole (Leopold II Dam) and berthing on e ither s tarboard o r port side,



the latter im plying an add itiona l sw inging m anoeuvre. Departure manoeuvres did not include 
sw inging manoeuvres.

During each single run, the bottom  characteristics were assumed to  be constant over the entire 
harbour area. If such a situation appeared not to  be realistic in the access channel 'Pas van het 
Z a n d ', the m anoeuvre was started at low er speed in the outer harbour. The selected bottom  
conditions are displayed in Fig. 1 6.
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Fig. 1 6. Real tim e s im u la tion  p ro g ra m : overv iew  o f s im u la ted 
cond itions, w ith overa ll p ilo ts ' assessment 
(1 : w ith extra tug assistance; 2 : w ind  E, 6Bf).

The access channel to  the harbour is characterised by im portan t tida l currents in the zone 
beyond the breakwaters; at low  tide, the m agnitude o f cross currents takes values o f 2 to  2 .5  
knots. As these currents greatly affect the sh ipping tra ffic  arriv ing and departing from  
Zeebrugge, realistic current patterns were introduced into the s im u la tion  environm ent.

A ll manoeuvres were carried ou t in frequently occurring, m oderate w ind conditions (SW, 4 Bf); 
during some runs, m ore severe winds (up to  7Bf) were app lied.

Tug assistance was guaranteed by tw o tugs o f 45  ton bo lla rd  pull each; during some runs the 
ava ilab le  tug pow er was increased to  2 x 60  ton.

Q ualitative evaluation of the simulation runs

All pilots were requested to  com plete  a questionna ire  just after the s im ulation run; this resulted 
into a first, very im portant assessment o f the m anoeuvres. Accord ing  to  the op in ion  o f a large 
m ajority o f the pilots, the s im ulation o f the outside view, the ship's behaviour and the tug 
assistance could be considered as 'g o o d ' to  'very g o o d '.

A fter each run, the p ilo t was asked whether it wou ld  be advisable to  carry out the m anoeuvre in 
reality. Based on this assessment, the cond itions were classified as 'a cce p ta b le ', 'm a rg in a l' and 
'u n acce p ta b le '; the results are shown in Fig. 1 6.



Analysis based evaluation of the simulation runs

Taking account o f the comments o f the pilots on the sim ulated m anoeuvres, it was c lear that 
several criteria should be considered fo r assessing the bottom  conditions. Two criteria concern 
the contro llab ility  o f the ship contro lled by own means, which is especially o f im portance during 
the last phase o f the departure  scenario, a fter tu rn ing the old m ole with tug assistance:

■ Is a departing ship able to  develop a speed tha t is sufficient to  com pensate fo r the cross 
current acting beyond the breakwaters? Based on the p ilo ts ' qua lita tive  assessment, a speed 
o f 10 knots is acceptab le; speeds under 8 knots are unacceptable. Situations leading to 
interm ediate speeds are considered as m arginal.

■ Can a stra ight course be obta ined w ithout extreme use o f rudder and propeller? Taking 
account o f the p ilo ts ' eva lua tion , the standard deviation o f the rate o f turn o f the ship appears 
to  be an adequate ind icato r, with critica l limits o f 5 and ó d e g .m in '1.

The th ird  criterion concerns m anoeuvrab ility  w ith tug assistance: are the ship's contro l devices 
(rudder, propeller) and the tug assistance suffic ient to  perform  the manoeuvres safely w ithin 
acceptab le  tim e limits? In o rder to  evaluate this property in a quantita tive  way, the impulse o f 
steering force was in troduced, being the tim e integral o f the sum o f the lateral rudder and tug 
induced forces. S im ilarly, the impulse o f steering m om ent was defined as well. The values of 
these impulses were ca lcu lated fo r each sub-tra jectory, and com pared to  the pilots' evaluation 
o f the adequacy o f tug assistance. In this way, it was not only possible to  quantify the th ird  
crite rion , but extrapolations to  assistance by m ore o r less powerful tugs could be m ade as well.

Results and future developments

The research pro ject resulted into a new value fo r the critica l density to  define the nautical 
bottom . If a num ber o f conditions are fu lfilled , 12 0 0 k g .m '3 may be considered as a safe value:

■ Assistance o f at least tw o tugs o f 45  ton bollard  pull is required fo r deep-drafted conta iner 
carriers.

■ N avigab ility  th rough low er density mud layers (1 1 0 0 kg .m '3) is constrained to  -7% o f under 
keel c learance (Fig. 1 7, left).

■ M ore  tug pow er (2 x 60ton) reduces this constra int (to -1 2%), but does not a ffect the 
defin ition  o f the nautical bottom  (F ig .l 7, right); on the o ther hand, if less tug pow er (2 x 
30ton) is ava ilab le , the ship should not contact the m ud-w ater interface;

■ The present situation in the access channel outside the breakwaters should not be changed;
■ Pilots must receive updated in form ation  on the levels o f the m ud-w ater interface and the 

nautical bottom ;
■ Pilots must be aware o f the m odified contro llab ility  o f a ship navigating with reduced o r 

negative under keel clearance relative to  the m ud-w ater interface, and should receive an 
app ropria te  tra in ing .
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Fig. 1 7. Real tim e s im u la tion  p ro g ra m . A ccep tab ility  o f m anoeuvres tak ing  acco un t o f a ll c rite ria , w ith 
assistance o f 2  tugs w ith 4 5  ton (left) and 6 0  ton (right) b o lla rd  pu ll each.
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At present, the conclusions m entioned above are im plem ented: the 1 2 0 0 k g .m '3 level is 
considered as the nautical bottom ; the pilots tend to  keep a 10% under keel c learance referred 
to  this level, but a lso respect the m axim um  penetration o f 7% o f d ra ft (typically 1 m) into the 
mud layer. New  efforts are presently carried ou t to  take fu ll advantage o f the results o f the 
current research project:

■ A  m ethodo logy to  interpret bottom  surveys in terms o f navigability  is being deve loped; as an 
exam ple, Fig. 1 8 shows a m ap o f the outer harbour o f Zeebrugge ind icating the maxim um  
a llow ab le  d ra ft at low  tide.

■ Detailed registrations o f manoeuvres carried ou t with deep-drafted vessels at low  tide are 
p lanned to  va lidate  the concept in general and the m athem atical models in particu la r, as the 
latter are based on m odel tests carried ou t in a sim plified  environm ent.



■ A dd itiona l s im u la tion  runs in a larger range o f bottom  and weather cond itions w ill be carried 
out in o rder to  im prove the p ilo ts ' decision scheme. The involvem ent o f a large g roup  of 
pilots is im portant, as the hum an fac to r plays an im portant role in the s im ulation results.

■ Training sessions w ill be organised fo r the Zeebrugge pilots to  fam ilia rise  themselves to  the 
specific ship behaviour.

■ The realism o f the sim ulations w ill be increased by adapting  the m athem atical s im ulation 
m odel so tha t transitions between several types o f m uddy bottoms w ill be a llowed.

■ A dd itiona l m odel testing is p lanned to  extend the m athem atical m odel to  bow  thruster 
assisted manoeuvres. Indeed, pilots criticized the lack o f a bow thruster during the 
sim ulations.

Conclusion

A  research pro ject based on captive ship m odel tests, m athem atica l m odelling  and real-tim e 
sim ulation runs has resulted into an upper lim it fo r the nautical bottom  from  a nautical 
v iew poin t and to  guidelines fo r the pilots concern ing handling o f deep-drafted conta iner vessels 
in the m uddy cond itions o f the harbour o f Zeebrugge.

It should be emphasized tha t these specific conclusions are only valid fo r deep-drafted 
conta iner carriers arriv ing at o r departing  from  Zeebrugge harbour, as the mud layer 
characteristics, the environm enta l cond itions (e.g. current) and harbour layout are typical fo r 
this area.
O n  the o ther hand, a s im ila r m ethodo logy can be app lied  fo r assessing the limits fo r navigation 
in o ther harbours and waterways suffering from  flu id  mud deposits, provided tha t the local 
conditions (bottom , ship type, ...) are covered by the experim ental database and, therefore, the 
m athem atical m odel. The present approach  offers an im portant advantage: the new criterion 
fo r the nautical bottom  is not merely based on one single physical property o f the mud layer, 
but has been determ ined taking into account all s ign ifican t factors such as harbour layout, 
bottom  characteristics, ship behaviour, environm enta l cond itions (current, w ind), ava ilab le  tug 
assistance and hum an contro l.
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