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ABSTR AC T

Since 1976, several fu ll scale and m odel tes t program s have been carried o u t in order to 
investigate  the e ffect o f mud on ship behaviour. A rev iew  o f and a critica l com parison between 
te s t results is given, as well as an ind ication o f possib ilities fo r fu rthe r research in th is fie ld. 
A spects  of special im portance to  m anoeuvring and contro l (resistance, propulsion, rudder forces) 
are emphasized, bu t closely related top ics (interface deform ation , squat e ffects , rheology) are 
m entioned as well.

K e y w o rd s : nautical bottom , navigation in m uddy areas.

IN TRO DUCTIO N

In access channels and harbour basins w here the  bo ttom  is covered w ith  a flu id  mua layer, 
b o ttom  and w ater depth are n o t clearly defined. In the firs t place, d ifficu lties  may arise in de
te rm in ing  the w ater depth, as m easurem ents w ith  echo-sounders may result in to  d iffe ren t values 
fo r depth: acoustic signals o f high frequency re flect on the  water-m ud in terface , w h ile  low  
frequency waves penetrate in to  the sedim ent deposit and g ive a higher value fo r  w a te r depth. 
Besides this problem, the question arises w he ther it  is no t possible to  a llow  ships to  navigate 
w ith  a smaller keelclearance (KC) relative to  the in terface than in the case o f a solid bo ttom , or 
even w ith  negative KC, which means tha t th e  sh ip 's keel penetrates into the flu id  mud layer. As 
a m atte r of fac t, the upper p a a  o f a mua layer can be considered as "b lack w a te r", characteri
sed by low  density and weak shear s treng th , so tha t the sh ip 's  hull su ffers no damage in case of 
co n ta c t. On the o the r hand, sa fety o f navigation m ust be guaranteed, w h ich  im plies th a t the 
ship m ust be able to  overcom e possible effects o f the presence of mud layers on. her 
con tro llab ility  and m anoeuvrab ility  by means o f either her ow n  controls, o r external assistance 
such as tugs. Moreover, physical properties such as dens ity  (p2) , dynamic v iscos ity  ( r i) and - as 
mud cannot be considered as a N ew tonian, bu t rather as a Bingham flu id  (figure 1) - yield stress 
or rig id ity  ( r j  increase gradually w ith  increasing depth, so th a t at a cenain level a transition 
betw een "flu id " and "so lid " m ud m ust be defined.

N avigation into mud deposits m ust no t be considered as a new  problem, and is com m on practice 
in several harbours and w a te rw ays. During the last tw o  decades, how ever, e ffo rts  were made 
to w a rds  a scientific approach, The research on th is  top ic  can be separated in to  tw o  subjects:
- investigation o f the physico-chem ical characte ris tics o f mud deposits, including th e  develop

m en t o f field survey and m easurem ent techniques;
- s tudy  of the influence o f the presence o f flu id  mud layers on a sh ip 's navigational response.

The fina l purpose o f th is  kind o f  research consists of:
- se lecting a theoretical de fin ition  and a practical determ ination method fo r the nau tica l b o tto m ;
- de fin ing  a value fo r  the KC a llow ing  safe navigation:
- acquiring knowledge about th e  behaviour o f the ship in these situations.

A s a result o f such research program s, th e  nautical bo ttom  concept is now adays applied in 
access channels to  several ports: Rotterdam , Zeebrugge, Nantes - Saint-Nazaire, Bordeaux, 
Emden, Maracaibo. The de fin ition  o f nautical bottom  in all these areas is based on a critical 
dens ity : 1150 kg/m 3 in Zeebrugge (access channel and ou te r harbour), 1200 in the Europoort 
area, the  Loire and Gironde estuaries and Maracaibo, 1220  to  1240 in sections o f the  river Ems.

This variety can be explained as fo llo w s . Principally, a de fin ition  of nautical bo ttom  should be 
based on the rheologicai characte ristics, w h ich  determ ine w he ther the  sedim ent behaves as a 
flu id  o r as a solid material. On the  o ther hand, nowadays techniques are available fo r  continuous 
dens ity  measurement, while  rheologicai gauges are only suited fo r  s ta tic  measurements. 
Therefore, it is more practical to  base a de fin ition  on a critica l density, w h ich  on its  tu rn  m ust be 
related to  some rheologicai p roperty. As th e  relationship betw een density and rheo logy depends 
on several parameters (partic le d iam eters, sand content, presence o f m inerals and organic 
m ateria l, etc.), the critica l density  depends on the location and can even be tim e variable.

M ost o f  the density values are based on the so-called rheologicai trans ition  level, which 
separates the density ranges fo r  flu id  and plastic m ud. If all parameters m entioned above are 
constan t, a fixed relationship can be determ ined betw een density and rheologicai properties 
(figure 2). A t low  density, the increase o f r] and ry as a func tion  of p z is s low  (flu id  m ud); at 
h igher density, the increase is fas te r (p lastic mud).



Besides physico-chem ical investigations o f mud properties, 
several fu ll scaie and model te s t program s were carried ou t in 
order to  investigate the e ffe c t of mud on ship behaviour. As a 
general conclusion, the behaviour o f a ship navigating above or 
¡n flu id  mud is mainly a ffected due to:
- the  generation o f undulations of the w ater-m ud interface;
- the  mud rheology, responsible fo r add itiona l hull forces.

A ll te s ts  have contributed to  a better understanding of the 
physical causes o f the influence o f the presence o f mud. On 
the o ther hand, model te s t conditions w ere  very d iffe ren t. 
Furtherm ore, possibilities o f comparison between full scale and 
m odel tests are also restric ted, as fu ll scale tests were usually 
perform ed a t a lim ited speed range and a "sa fe " KC.

The paper intends to  give a review  o f and a critical comparison 
betw een te s t results, and indicates possib ilities fo r fu rther re
search in th is fie ld. A lthough aspects o f special importance to 
m anoeuvring and control (resistance, propulsion, rudder forces) 
w ill be emphasized, related top ics  (in terface deform ation, squat 
e ffec ts , rheology) have to  be mentioned as well.

REVIEW  OF TEST PROG RAMS 

M o d e l te s ts
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F igure  1. Mud rheology.
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F igu re  2. D ensity-rheology 
relation.System atic model tests above m ud-sim ulating materials were 

carried ou t in three laboratories:
-  M a r i n , W ageningen, 1976 (Sellmeijer & Van Oortmerssen, 1983);
- Flanders Hydraulics, Borgerhout-Antw erp, 1986-1989 (Vantorre &  Coen, 1988; W ens et ai, 

1990; Vantorre, 1991; Ferdinande & Vantorre, 1991; Van Craenenbroeck e t al, 1991);
- SOGREAH, Grenoble, 1989 (Brossard et al, 1990a, 1990b).

T a b le  1. R e v ie w  o f  m odel te s t  p ro g ra m s .

Laboratory Mud simulating 
material (kg/m  )

h
(Pa s) [pa)

^2
(mm)

Ship
models

h ,/T model
speed
(m/s)

M a r i n chlorinated 1 1140 0 .028 0 30 Tanker 0 .8 5  - 0 .1 7 ,
paraffin 2 16 1.15 0 .2 8 ,
— 3 47 0 .4 0
kerosine 4 1240 0.031 0 30
(CP/K) 5 16

Flanders trichlorethane 1 i n o 0 .002 0 .135 35 TSHD 0 .9 0  - 0 -
Hydraulics - r 2 1140 0 .00 2 0 .14 11 LNG 1.20 0 .5

petrol 3 1220 0 .002 0 .146 35 TSHD
(FH) (TCE/P) 4 0 .1 4 6 16 TSHD

natural mud 1089 - 0 .0 0 5  - 1.1 - 140 - inland 1.5  - 0 .1 6  -
1198 0 .0 2 4 17.8 340 5.7 1.25

artificial mud 1030 - 0 .0 0 4 - 0 .4  - 28 - TSHD 0 .8 5 - 0  -
1196 0 .079 32 40 1.20 0 .4

SOGREAH artificial mud low  grad. low /h igh »  35 Tanker 0 .8 0  - .2 ,.3 ,
int. grad. low /h igh « 30 1.20 .4 ,.5 ,
high grad. low /h igh » 25 .6

T a b le  2 . Ship m ode ls .

Laboratory Ship model. Lpp (m) B (m) T  (m) Cb i Scale ;
M a r i n Tanker 3 .76 0 .5 7 0.23 0.85 1 :82 .5
Flanders
Hydraulics
(FH)

TSHD 3.10 0 .58 0.20 0 .84 1:40
LNG 3.81 0 .59 0 .16 0 .80 1:70
Inland 3.95 0 .69 0 .1 4 -0 .3 4

SOGREAH Tanker 2.56 1 :1 0 0  : 1 :70  ; 1 :55  |

I abies 1 and 2 show  th a t th e  model tests w ere  carried out under very d iffe ren t cond itions:
- Several types o f mud sim ulating material were selected:

* A t M arin and Flanders Hydraulics, the  mud w as simulated by means o f homogeneous



flu ids  w h ich  were im m iscib le  w ith  w ater. The material used at M ar in  w as a N ew tonian 
flu id  w ith  rather high v iscos ity , while  m ost o f the m odel tests at Flanders H ydraulics were 
carried ou t w ith  a Bingham flu id  w ith  lo w  v iscos ity  and yield stress.

*  A  com plete ly d iffe ren t material was selected at S o g r eah , w here the  tank bo ttom  was 
covered w ith  a rtific ia lly  composed mud layers, characterized by vertical gradients of density  
and rheoiogical characte ristics. Some experim ents w ere  carried o u t above natural and 
a rtific ia l mud layers a t Flanders Hydraulics as well.

- D iffe re n t te s t m ethods w ere  applied at the  three laboratories:
*  A t  M a r in , se lf-propulsion tests and captive  (stationary ana PMM) tests were perform ed.
*  Flanders Hydraulics executed several kinds o f stra ight-line  se lf-propulsion tests above 

trich lore thane /petro l and artific ia l mud (acceleration, deceleration, s teady-state  and rudder 
angle tests). The te s t above natural m ud layers were carried o u t w ith  a tow ed  model, bu t 
o n ly  interface deform ation  and flu id  ve locities w ere  studied.

* S o g r eah  m ade use o f a to w e d  m odel.
- A lthough  the ranges of sn ip  model speeds exam ined at the  three laboratories are comparable, 

te s ts  were carried ou t at a lim ited num ber o f d iscrete speed values at M ar in  and So g r e a h , 
w h ile  a m ore continuous range of speeds w as studied a t Flanders Hydraulics.

Due to  these d ifferences and the fa c t tha t on ly  a lim ited num ber o f results were pub lished, it  is 
rather d iff ic u lt to make a clear comparison betw een the  te s t results o f the  three ins titu tions .

Full sca le  te s ts

The in troduction  o f a nautical bottom  approach in Rotterdam , Zeebrugge and Nantes - Saint- 
Nazaire w as preceded by fu ll-sca le  tests.

In th e  Europoort area tests were carried o u t w ith  the 3 0 0  0 0 0  td w  oil tanker Lepton  in 1975, 
navigating w ith  a draught o f 20.9  m at a speed of 4  knots over a mud layer o f 1 .15  m th ickness 
w ith  a KC o f 1.60 m (van Bochove & Nederlof, 1979; Sellm eijer & van O ortm erssen, 1983). 
S im ilar tests took place in the  Loire estuary w ith  the tanker Alsace  in 1985, w ith  10%  KC 
re lative  to  the  1200 kg/m 3 dens ity  level (Brossard e t al, 1990a).

In the  ou te r harbour o f Zeebrugge, 17 tests were executed w ith  the tra iling  suction  hopper 
d redger Vlaanderen X V III in 1986-88  (Kerckaert et al, 1988; Van Craenenbroeck et al, 1991). 
Three types o f tests were carried out: sh o rt engine m anoeuvres (acceleration-deceleration), 
cons tan t pow er manoevres (steady-state) and yaw ing  tests at zero speed by means o f bow  
th rus te rs . The firs t and second types of tes ts  w ere  executed w ith  KC from  -0 .3 5  to * 3 . 0  m 
w ith  respect to the interface. Three runs were executed w ith  negative KC, th rough  mud w ith  a 
dens ity  o f m axim um  1140 kg /m 3.

INTERFACE DEFO RM ATIO N

M ost e ffects  of the presence o f mud layers on ship behaviour are related to the  de fo rm ation  of 
the in terface , causing specific  ve loc ity  patterns in both th e  w ater and the flu id  m ud. For th is 
reason, some considerations on th is top ic  are required.
M o d e l te s ts  in  a t w o  la y e r s y s te m

M odel tests w ith  a liquid m ud sim ulating material (M a r in , Flanders Hydraulics) show ed th a t the 
undula tion  pattern depends on the sn ip 's  speed. A t  Flanders Hydraulics, te s t results led to 
d is tinc tion  between three speed ranges (figure  3):
- F irst speed range (SRI ): the  interface remains practica lly undisturbed.
- Second speed range (SR2): an in terface sinkage is observed under the sh ip 's  entrance, w hich 

at a certa in section changes in to  an elevation. O scilla tions are superposed on the  risen 
in terface . The interface jum p moves tow ards  the stern w ith  increasing speed. The w ave  fron t 
is perpendicular to  the  sh ip 's  axis o f sym m etry.

- Th ird  speed range (SR3): the  interface jum p occurs behind the stern. The angle betw een the 
jum p  and the  sh ip 's  longitud inal axis increases to approxim ate ly  135 .

This relation between speed and in terface deform ation  is less clear at large negative  values of 
KC; a t the  sh ip 's  entrance, a secundary internal w ave pattern can be observed.

S im ilar observations were made a t M a r in . A s the  experim ents w ere  carried o u t in a w ide 
sha llow  w a te r tank, the  lateral propagation o f internal waves could be evaluated; i t  appears tha t 
in terface  deform ations generated at low er speeds are located in the v ic in ity  o f the  ship, w h ile  at
h igher speeds, the influence range is extended to  larger d istance (figure 4). Furtherm ore,
fo llo w in g  conclusions were d raw n:
- the he igh t o f the internal w ave  increases w ith  the  th ickness o f the mud layer;
- the  w ave height reduces w ith  decreasing KC;
- the  w ave  height decreases w ith  increasing density.

M ost o f these conclusions w ere  confirm ed by te s t results a t Flanders Hydraulics and theore tica l 
ca lcu lations carried o u t at the  U niversity o f Ghent. The la tte r also led to  an expression fo r  the 
c ritica l speed separating SR2 and SR3:
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The experim ents a t Flanders Hydraulics, how ever, have show n 
tha t th e  behaviour o f neither the sh ip, nor the in terface is 
m odified at Cm„ .  As explained by Ferdinande & Vantorre 
(1991 ), the transition  between the sunken and the risen in terfa 
ce is n o t an interfacia l wave, but an internal hydrau lic jump. 
The oscilla tions superposed on the risen in terface can be consi
dered as waves, bu t are o f m inor importance.
M o d e l te s ts  w ith  n a tu ra l and  a r t i f ic ia l m ud laye rs

A t So g r eah , observations of interface deform ation in artific ia l
mud layers appeared to  concur, fo r the  m ost part, w ith  those F igure  3 . M odel tests at 
published by Sellmeijer & van Oortmerssen (1983 ), a lthough no in te r fa c e  u n d u la t io n s  
in terface  m otion w as visible w ith  the  m ost rig id m ud at any TCE/P1, h ,/T  =  1.2. 
speed, nor w ith  the least rigid mud at low er speed (0 .2  m /s).
A ccord ing  to the description given by Brossard et al (1990a), 
all observed waves have SR3-characteristics. The w ave  height 
depends little  on the  density gradient, and can take values of 
about 0 .5  (KC <  0) to  2 (KC> 0 )  tim es the mud layer th ickness.

A t Flanders Hydraulics, the test series w ith  self-propelled 
m odels above an artificial flu id  mud layer revealed interface 
deform ations comparable w ith  those observed in tw o-laye r 
system s .

Qualitative tests at Flanders Hydraulics w ith  a tow ed  model p jg u re  4 M odel tes ts  a t MA- 
above natural mud layers resuited in to  sim ilar deform ation  o (N. in rp rf, ro  ,inH,,iarinn<; in 
patterns. A comparison w ith  the other test program s is rather cp/K1 h /T  =1  ¿3 aT'° nS 
d ifficu lt, because o f the unusual values fo r  KC, h2/h , ratio and 1
blockage. Measurements of flu id  ve loc ities confirm ed the hydrau lic jum p character o f the 
in terface  deform ation: mud flo w s  in a opposite  sens relative to the  sh ip 's  speed under the 
sunken paa o f the interface, and fo llo w s  the ship under the risen paa (figure 5). Another 
im p oa a n t conclusion concerns the s tab ility  o f the  interface. A t higher speed, m ix ing  o f mud w ith  
w ater sometimes occurs, but only takes place behind the ship, so th a t the flu id  ve loc ity  patterns 
around the ship are no t affected by th is  phenomenon. It w as also observed th a t the  interface 
recovered surpris ing ly fast.

F u ll s ca le  te s ts

Sellmeijer &  van Ooamerssen 
(1983) repoa that the existence of 
internal waves was confirmed by 
fu ll scale observations; in addition, 
th e  approximate w ave height and 
the position relative to the ship 
were confirmed. Interface deform 
ations, looking like solitary stern 
w aves, were also observed by 
survey vessels during the tests at 
Zeebrugge: Kerckaea et al (1988);
Van Craenenbroeck e t al (1991).

Conclusions

The flu id  ve loc ity  pattern around 
the  sh ip is dom inated by a hydrau
lic jum p the position of w h ich  
relative to  the ship is speed depen
dent. Similar in terface deform ation 
patterns are observed in both F igu re  5 . In terface undulations (a) and m ud ve loc ity  (b) in
m ud-w ater and tw o  layer system s, natural mud layers, Flanders Hydraulics (in land vesse l,h ,/T

=  1 .5 , ha/T - 1 .4 4 ,  Pj / Pl =  1.09).

Vmim/s)



It shou ld  be m entioned th a t in some cases interface deform ations in artific ia l or natural mud 
layers are only observed at SR3 (Sogreah model tes ts , Zeebrugge fu ll scale tests). It is possible 
th a t in SR2 the  interface deform ations are concentrated in a lim ited area near the  ship, as was 
illu s tra ted  by the M a r in  observations, bu t th is is sub ject to  confirm ation.

S Q U A T  

In troduction

Sinkage and trim  are influenced by the presence o f a flu id  mud 
layer due to  tw o  e ffects:
- the  interface undulations m odify the  flu id  ve loc ity  pattern 

and, therefore, the pressure distribution on the hull;
- co n ta c t between the  hull and the mud layer results in to  an 

increase o f the hydrosta tic  force acting on the submerged 
part o f the ship due to  the higher density o f the mud.

Full scale measurements o f squat of ships navigating in m uddy 
areas are no t available.

Lo w er speed range

The m odel tests carried o u t at Flanders Hydraulics show  a 
clear dependency on speed. The interface jump occurring under 
the  sh ip in SR2 causes im portant trim  effects (figure 6 ):
- If th e  initia l kc is su ffic ien tly  large so tha t no con tact takes 

place between the  hull and the mud layer, the low er 
pressures in the v ic in ity  o f the run result into a vertica l fo rce  
causing additional sinkage o f the stern. The mean sinkage is 
com parable w ith , or even slightly larger than in the solid 
b o tto m  case.

- A t sm all positive and negative kc , a part of the keel is to u ch 
ed by the mud, so tha t the  vertical force acting on the run 
decreases and even changes its sign, causing an upw ard 
m otion  of the stern. The mean sinkage is practically zero, as squat e ffects are com pensated by 
the  buoyancy effects.

- A t re lative ly large negative kc, buoyancy effects due to  the  higher mua dens ity  dom inates so 
th a t the ship is lifted.

The re su lts  pub lished b y  M ar in  and Sogreah c o n firm  these  obse rva tions  fo r  m ean s inkage , bu t 
do n o t  reveal any im p o rta n t tr im  e ffe c ts  in  th is  speed range.

H ig h e r speed range

A t positive  or even small negative values of the KC, the  in terface sinkage occurring  over the full 
length  o f the ship in SR3 results into an increase o f kc; as a result, both sinkage and trim  are 
less compared w ith  solid bottom  conditions.

A t large negative kc, con tact takes place between ship and mud layer, causing tw o  coun teract
ing e ffec ts : a hydrosta tic  buoyancy force, acting upw ards, and a hydrodynam ic force due to  the 
re la tive ly  high ve loc ity  between mud and ship, acting dow nw ards. The la tte r increases w ith  
speed, so tha t at re lative ly high speed sinkage is larger than in solid bottom  cond itions , as was 
observed at S o g r e a h  w ith  lo w  gradient mud (figure 7), and a t Flanders Hydraulics.

R ESISTANCE AND PROPULSION  

In tro d u c t io n

A  f irs t aspect o f con tro llab ility  concerns the m otions o f the ship in longitudinal sense: does the 
presence of mud layers a ffe c t the ability  of the propulsion to  accelerate the sh ip, m aintain the 
speed a t a desired value, and stop the ship w ith in  a reasonable time and distance ?

An analysis o f th is problem requires more insight in to  the longitud inal forces acting on a ship : 
resistance, propulsive fo rces and, in the case o f a varying speed, ¡nenia fo rces, and can on ly  be 
perform ed by means o f model tests. Full scale tests, on the other-hand, only g ive an idea about 
the  overall perform ance, e.g. by means o f a relationship betw een speed and rpm  or pow er.

U nfortunate ly , neither o f the  three laboratories have investigated system atica lly  both resistance 
and propulsion. A t M a r in , resistance and propulsion tests on ly  resulted in a speed - rpm  curve. 
As Flanders Hydraulics was not yet equipped w ith  a to w in g  carriage at th a t tim e, only self- 
p ropu ls ion  tests were carried out, A t Sogreah , resistance was measured, b u t propu ls ion was 
no t investigated. This implies that the present state o f the a rt does n o t contain all e lements fo r a 
com ple te  evaluation o f the e ffe c t of mud layers on the  longitudinal speed co n tro lla b ility  o f ships.
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F ig u re  7 . So g r e a h , m ode l tes ts  
above a rtif ic ia l m u d : s inkage .
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Speed - rpm relationship

R esis tance

A lthough  resistance was n o t measured at Flan
ders Hydraulics, a qualita tive approxim ation fo r 
the  to ta l resistance coeffic ien t CT w as derived 
from  deceleration tests. Conclusions (figure  10):
- A t KC>0, Cr is comparable w ith  the  solid bo t

tom  curve at low  and high speed; in some ca
ses, the resistance above m ud is even low er. _

- In a well-defined interm ediate speed range, situ- F 'Sure 1 0 . Model tests a t FH: deceleration
ated w ith in  SR2, Cr increases substantia lly  w ith  tests (full), speed-rpm ra tio  (dashed)
increasing speed, and suddenly decreases a t a
certain critical speed. The la tte r does no t coincide w ith  the  transition  speed between SR2 and 
SR3; the sudden decrease appears to  take place when, due to  squat and in terface undulations, 
con tac t occurs between the  sh ip 's keel and the mud sim ulating material. Th is implies that:
* in spite of the larger v iscosity  o f mua, con tact between snip and mud causes a decrease of 

resistance in th is  particular speed range;
the  maximum CT and the  "hum p" in the speed-rpm curve do no t occur a t the  same speed.

- A t smaller and negative kc , the resistance coeffic ient curve is sm oothened.

Results of model tests at M arin  and Flanders 
Hydraulics show  tha t the speed - rpm relation
ship, w hich is approxim ately linear above a solid 
bottom , is affected to  an im portant degree in 
SR2, where a substantia lly larger rpm is required 
fo r a given speed. The transition betw een SR2 
and SR3 is less clear if kc is negative: fo r a con
stant rpm, speed decreases w ith  decreasing kc  in 
SR3, while the opposite tendency is observed in 
SR2. A t large negative kc, the speed-rpm curve 
appears to  be more or less linear (figure 8 ).

Full scale tests carried o u t at Zeebrugge con
firm ed the influence between kc ana speed at 
constan t propulsive power in SR3: speed appear
ed to increase by about 20 % if kc varies from  -5 
to  + 1 0 %  o f draught. Comparison betw een test 
results of d iffe ren t steady-state runs required 
elim ination o f variable parameters such as 
draught and propulsive power; it w as concluded 
th a t in the kc range o f -5 to  10%  o f draught, 
no s ign ifican t relationship between speed and kc 
is found, and th a t there is no evidence th a t con
ta c t between keel and mud w ould cause a sudden 
speed loss. Compared w ith  deep w a te r cond iti
ons, speed is reduced by 50%  at zero k c .

T he  S ogreah res is tance  te s ts  revealed an Im po r
ta n t e ffe c t o f  kc (figu re  9):
- fo r positive kc , the resistance is comparable 

w ith  a solid bottom  situation;
- fo r  negative kc , resistance increases very fast;
- in some cases, a local m axim um  is reached 

when the keel is ju s t above the top  o f the  mud.
Follow ing approxim ation fo r resistance is propo
sed: R° + kVT The initial resistance R° depends 
on kc and mud type , and is zero fo r  positive kc. 
The values of k are higher by 20 to  50%  than 
these noted fo r clear water.

The data published by Sogreah  do no t a llow  to 
obtain a clear idea about the  exact shape o f the 
resistance curve, as tests were executed at dis
crete speed values. Neither is it possible to  find  a 
correlation w ith  in terface undulation patterns.

F igure  8 . Model tes js  a t Flanders Hydraulics: 
speed-rpm relationship.

F igure  9 . Model tests at So g r eah  above 
artific ia l mud: resistance at Vm =  0 .4  m/s.

Full scale deceleration tests carried o u t w ith  the trailing suction hopper dredger Vlaanderen XV III 
were analysed in the  same w ay. A t speeds low er than 3 knots, the resistance curve presents 
some oscillations, b u t no influence o f kc  is observed; at higher speeds, co n ta c t betw een keel



and mud layer resu lts in to  an increase o f resistance by 50  to 
1 0 0 % (figure 11).
A t Flanders H ydraulics, artific ia l mud w ith  rather high rig id ity  
was used to  determ ine the  resistance a t zero speed. No 
relation was found between the te s t results and the theo re ti
cal value obta ined by m ultip lica tion  o f con tact area w ith  yield 
stress; the la tte r overestim ates in itia l resistance a t small 
negative KC, and is to o  sm all at large negative KC.

P ro pu ls io n
A nalysis o f propeller th ru s t and to rque measurements during F 'gure  11 . Full-scale tes ts  at 
the  m odel tests a t FH led to  fo llo w in g  conclusions (fig. 12); Zeebrugge. deceleration tests.
- The presence o f an in terface appears to  yield higher values 

fo r th ru s t and to rque  coeffic ients, except fo r large advance 
ratio ; th is  suggests an increase o f the  w ake factor.

- If a steady sta te  is reached in a speed range w here the 
ris ing part of th e  in terface is situated near the stern, th rus t 
and torque increase to  values comparable w ith  bollard pull 
cond itions.

- If the  speed range m entioned above is passed during an 
acceleration phase, oscillations o f th ru s t and to rque are 
observed. F igure  1 2 . f h  m odel tes ts ; th ru s t

Comparison w ith  the C f-curves derived from  deceleration coeffic ient vs apparent advance 
tests led to  some qua lita tive  indications about the th ru s t ratl°  (full: SR-¿; do tted : SRo). 
deduction fac to r t  in SR2: t  decreases if  no contact between
keel and mud occurs, bu t increases if  the  interface jum p is concentrated at the  stern and
touches the keel.

Engine  m a n o e u vre s

Full scale tests a t Zeebrugge showed th a t the acceleration characteristics during short engine 
m anoeuvres at lo w  speed are not affected by KC in the range between -5 and -i-40% .

D iscu ss io n

Resistance is a ffected  by the  presence o f a mud layer due to several causes:
(a) additional w ave  resistance due to  interface undulations;
(b) increase o f v iscous forces due to  the higher v iscos ity  o f mud;
(c) in itia l resistance due to  th e  Bingham character o f mud;
(d) changes o f re la tive  ve loc ity  between ship ana w ater and/or mud due to  in terface undulations.

The im portance o f cause (a) is not clear, and can only be evaluated by means o f resistance tests
combined w ith  reg istra tion  o f internal undulation patterns. It should be born in mind tha t.
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F igu re  13 . Model te s ts  FH, theoretica l calculations UG; position o f sh ip 's keel re la tive  to  w ater- 
"m ud" in terface as a func tion  o f speed and KC.



a lthough re la tive ly high internal "w aves" are observed, the ir energy con ten t is rather low 
because o f the  sm all density  difference between both flu ids.

(b l and (c) are o f  im p o rta n ce  if c o n ta c t o ccu rs  be tw een the  sh ip  and th e  m ud laye r; in th a t case, 
the  e ffe c t on res is tance  is de term ined b y  th e  (negative) k c  value, th e  rheo log ica i p ro p e rtie s  o f  
the  m u d  and th e  ve rtica l g ra d ie n t o f the  la tte r. The in fluence  is sh o w n  b y  the  S o g re a h  re su lts .

The im portance o f  (d) depends on the  speed range and the in itia l KC. The speed determ ines the 
kind o f in terface  undulation and, therefore, the change in relative ve loc ity : a sunken interface 
decreases relative w ater ve loc ity  and increases relative mud ve locity , w h ile  a risen in terface has 
an opposite  e ffe c t. For a given speed, the initial kc determ ines w he ther con tac t w ill occur 
betw een the  ship and the sunken and/or the risen part o f the interface. For one particular 
con figu ra tion , all possible cases are given in figure 13:

- SR2, no con tac t: the relative w ater ve loc ity  is decreased s ligh tly  above the  sunken interface, 
b u t is much increased above the risen interface, which results in an increase o f resistance.

- SR2, co n ta c t w ith  risen interface: the ship's run is partly in con tac t w ith  m ud, b u t the 
relative ve lo c ity  between ship and mud is small. If the v iscosity  o f the m ud is re la tive ly low, 
resistance can be decreased.

- SR2, fu ll con tac t: the mud under the sunken interface contacts the sh ip w ith  increased 
re lative ve loc ity , w hich results into an increase o f resistance.

- SR3, no co n ta c t: the relative w ater ve loc ity  and, therefore, resistance is s ligh tly  decreased.
- SR3, con tac t: resistance is increased due to contact w ith  mud at higher relative ve loc ity .

The conclusions o f the deceleration tests a t Flanders Hydraulics appear to  con firm  these ideas.

These considerations do n o t fu lly  explain the aspect o f the speed-rpm curve. One possible 
explanation concerns internal wave resistance at the transition  between SR2 and SR3, but 
m easurem ents o f propeller th rust and torque at Flanders Hydraulics ind icate th a t con tact 
betw een the  ris ing in terface and the stern part of the keel obstructs the f lo w  to the  propeller, 
causing a very poor propulsive e ffic iency.

It can be concluded tha t KC-speed com binations between curves 1 and 2" are characterized by 
re la tive ly lo w  resistance and low  propulsive e ffic iency. Further investigation is required in order 
to  check w he ther speed contro l and stopp ing manoeuvres could be a ffected in these conditions.

M A N O E U V R A B IL ITY  

F u ll s ca le  te s ts

A t Rotterdam , the  behaviour of the Lepton  w ith  reduced kc was compared w ith  o ther ships 
applying a normal k c . It could be concluded tha t the Lepton  did no t make s ign ifican tly  d iffe ren t 
manoevres from  the  o ther ships o f th a t size and th a t the am ount o f applied steering capacity 
(rudder, propeller) w as about the same as w ith  the other ships.

Full scale zero-speed yaw ing  tests at Zeebrugge showed that rate o f tu rn  decreases by 50-60%  
if kc decreases from  1 20  to  about 0 % .

H ydrodynam ic derivatives

A  fu ll c a p tiv e  m a n o e u v rin g  te s t 
p rog ram  w a s  e xe cu te d  a t M a r i n ,  
re su ltin g  in to  a m a them atica l 
m a n o e v rin g  m ode l fo r  a ta n k e r in 
severa l m ud c o n fig u ra tio n s . Con
c lu s io n s :
- Damping (speed dependent) 

coe ffic ien ts  are appreciably (2 
to  4  tim es) h igher w ith  mud 
than w ith o u t. The damping 
force Y„ increases w ith  increa
sing mud th ickness, decreasing 
kc and decreasing density. N. 
increases w ith  increasing mud 
th ickness,

- rudder action  is stronger w ith 
mud, bu t m ainly due to  the 
increase o f rpm  to maintain 
speed;

- added m ass (i.e . acce lera tion  
d e p e n d e n t)  c o e f f ic ie n ts  are 
a ffe c te d  m ore  b y  kc w ith  res-

bot*,om  than by The F igu re  1 4 . f h  model tests, s«2: e ffect o f kc on rudder presence o f m ud.
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Rudder tes ts  w ith  se lf-propelled, beam-guided models at Flanders H ydrau lics revealed th a t in 
som e cases, lateral fo rces and yaw ing  m om ents induced by rudder action  take  the usual sign for 
large rudder angles, bu t act in to  the opposite  d irection fo r small angles (figure 14). Such an 
instab le  rudder action appears to  take place if the  keel is in con tact w ith  both w ater and mud 
(ranges 1 -2 " and 3 -4  in figure  13), especially if the contact zone is located near the stern (range 
2 ' - 2 " ) . In case o f stable rudder action, fo rces induced by rudder angles are increased by the 
presence o f the  mud.

S ta n d a rd  m a n o e u vre s

In fluence o f mud on standard m anoeuvres (turn ing circle, zig-zag) w as investigated at M a r in  by 
means o f s im ulations. Conclusions:
- The presence o f mud has a larger e ffe c t on the  manoeuvres a t lo w  speed (3 knots) and a 

sm aller e ffe c t a t h igher speeds (up to  7 knots).
- In general term s m anoeuvres are s low er w ith  mud. The ship is m ost s luggish at small positive 

KC betw een keel and m ud, but becomes less s low  at negative KC. This is particularly the  case 
at sm all speeds (3-5 knots); at 7 knots the  opposite  e ffect occurs in some cases.

- The e ffe c t o f the presence o f a mud layer decreases w ith  increasing mud density.
- The presence o f m ud generally tends to  slacken the steady m otions (fo rw ard  speed, d rift, rate 

o f tu rn  are lower) and to  accelerate the  dynam ic m otions (overshoot, s w e p t path are smaller).
- The com bina tion  o f mud th ickness and KC causing the m ost e ffe c t on turn ing parameters 

resu lt in the  h ighest interna l wave.

C ontro llab ility  o f ship in contact w ith  consolidated mud

A  sh ip  (in tentiona lly  o r un intentionally) navigating w ith  the keel in co n ta c t w ith  a consolidated 
mud layer som etim es becomes uncontro llable and chooses the easiest w a y  to fo llo w ; at the 
same tim e , it is p ractica lly  impossible to  decrease the sh ip 's speed, a lthough the la tte r is only 1 
or 2 knots. These phenomena are n o t published in any w ritte n  report o r paper, bu t were 
observed independently by several w itnesses. It is not clear w he ther there  is any relationship 
be tw een  these phenomena and rheologicai properties, interface undulations, etc.

Discussion

In fo llo w in g  s ituations, m anoeuvrab ility  and/or contro llab ility  may be a ffected  adversely:
- sm all positive KC, low  speed (according to  M arin  tests);
- speed-KC com binations causing con tac t betw een the keel and both w a te r and m ud (according 

to  Flanders Hydraulics tests);
- keel in contact w ith  p las tic  mud (according to  practical experience).

The th ird  s ituation needs to  be exam ined more thoroughly. More ins ight has to be acquired in 
the fo rces acting on a sh ip making a ttem pts to  penetrate mud o f high rig id ity . This can be 
achieved by means o f mode! tests and/or w e ll controlled  full scale tests.

A lthough  the  f irs t and second situations may cause problems due to  o ther reasons, it  is 
presum able tha t a re lationship  exists between both cases. As shown on figure 13, the firs t 
s itua tion  can be considered as a particular case o f the second one. An analysis o f Y( and Nf 
values published by Sellm eijer & van O ortm erssen (1983) show s th a t the application point o f the 
resu lting  fo rce  induced by rudder action is s ituated at about 0 .5  L behind m idships fo r  the solid 
bo ttom  s ituation, b u t m oves to  about 0 .2  L fo r KC o f 10 to 15% , and even to 0.1 L fo r KC of 
+ 3 to  -10 % . The Flanders Hydraulics te s t results lead to  comparable values at large rudder 
angle. This means th a t the  force induced by rudder action applies about m idships, w hich is a 
less stable situation. It is clear tha t the  rudder angle causes asym m etric f lo w  in both  w ater and 
mua layers, w h ich  results in to  asym m etric in terface undulations, creating lateral fo rces on the 
hull. If the  la tter coun te rac t the  force on the  rudder, instabilities may occur.

Figure 13 show s th a t, fo r a particular KC, problems may be expected in a rather w ide speed 
range at small KC; at larger KC, th is range is m ore restricted. As the M a r in  tests were carried 
ou t a t d iscrete speed values, it  is no t clear w he ther the "w o rs t case" fo r  each cond ition  was 
se lected. W ith  the present know ledge, it w ou ld  be advisible to  choose the  speeds according to 
the  several ranges o f KC-speed com binations show n in figure 13.

C O N C LU SIO N S

H arbour and w a te rw a ys  authorities applying the nautical bo ttom  concep t have reached a 
p ractica l com prom ise betw een a theoretica l de fin ition  o f nautical bottom , w h ich  m ust be related 
to  th e  rheologicai p roperties o f the mud, and a practical determ ination method, based on 
con tinuous density  m easurem ent. As no universal density - yield stress relationship exists, a 
safe critica l density  value m ust be selected; the  la tte r is based on a correlation between density 
and th e  rheologicai tran s ition  level. This im plies that, in principle, the determ ination of nautical 
b o ttom  m ight be optim ized if :
- the  de fin ition  o f nautical bo ttom  were based on a critica l yield stress value, as the yield stress 

range corresponding w ith  th e  rheologicai trans ition  level is rather lo w  (1-3 N/rrri);



- a device fo r continuous m easurem ent o f rheologicai properties were available.

The second item lies beyond the  scope o f this Conference and the au tho r's  com petence; the 
f irs t one, on the other hand, is close ly related to m anoeuvrability and contro llab ility  o f ships. 
There is a need fo r extensive investiga tion  of the influence o f mud rheology on ship behaviour; 
the S o greah  resistance te s t program  constitu tes a very useful reference, bu t should be extended 
to propu ls ion and m anoeuvring. Taking account o f the  poor contro llab ility  o f ships touch ing 
conso lidated  mud layers, it is no t jus tified  to establish a new criterion fo r nautical bottom  
w ith o u t a deeper understanding of ship behaviour in these particular conditions.

Further optim ization concerns a well-considered se lection o f requisite k c , as the ship is not 
supposed to  touch the nautical bo ttom  level. Among o the r parameters, th is  kc value m ust take 
accoun t o f squat considerations; a fo rm er chapter show s tha t many model tes t results are 
a lready available on this top ic.

A las t bu t im portant fie ld of investiga tion  concerns m anoeuvrability and con tro llab ility  o f ships 
navigating w ith  a "safe" kc relative to the nautical bottom . In order to guarantee a safe shipping 
tra ffic , p ilo ts should be aware o f the m odified ship behaviour as a function o f speed, kc and mud 
layer parameters. This requires extensive captive m anoeuvring tests above suitable mud 
s im u la ting  layers in order to  determ ine a reliable m athem atical manoeuvring model, and tra in ing 
o f p ilo ts by means o f sim ulation runs, during which the m ost critical s ituations can be evaluated.

A com plete  investigation program  handling all mentioned top ics would require a m ultid iscip linary 
approach, which can on ly  be successful if experts in measurement techniques, sediment 
rheo logy, theoretical and experim ental ship hydrodynam ics, manoeuvring sim ulation and nautical 
science are involved. Taking account o f the importance o f safe and econom ic shipping tra ffic , it 
is w o rth w h ile  to take the challenge.
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N O M EN C LATU R E (see also Tables 1 and 2)

B beam L00 length between per vm model speed
C w ave  celerity pendiculars Y lateral force
Cb b lock coeffic ient N yawing mom ent z average sinkage
cT t o t a l  r es i s t a n c e r rate o f turn rudder angle

coeffic ien t R resistance Pi w a te r density
g grav ity  acceleration R° initial resistance Pt m ud density
h, w a te r depth SR speed range h dynam ic v iscos ity

m ud layer thickness T draught; th rust 0 trim  angle
KC keel clearance V sw ay velocity Ty in itia l rig id ity , yield
L sh ip 's  length V sh ip 's  speed stress


