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pitch stability, which does not scale with 
speed; the gain which maps elevator deflec-
tion to depth rate undergoes a sign change at 
diminishing forward speeds, and limit cycling 
due to a Hopf bifurcation occurs with or with-
out a closed-loop control operating (Papoulias 
& Papadimitriou, 1995).  

Fin Arrangement. The presence of fore-aft 
asymmetric stabilizing fins in a hovering ve-
hicle leads to strong coupling in all the direc-
tions of motion; Strumpf (1967) developed 
guidelines for tail-stabilized survey-type vehi-
cles which must also hover. In particular, such 
vehicles are highly unstable during hovering 
in a stern-to-bow current. One practical solu-
tion proposed is the use of bow-stern symmet-
ric control surfaces, i.e., large bowplanes. In 
addition to restoring stability, bow-planes add 
to manoeuvrability, and have been imple-
mented on many more modern vehicles, nota-
bly the Naval PostGraduate School (NPS) ve-
hicle, Marius, and VORAM, discussed below. 

7.3. Control 

Survey vehicles often succeed in their 
mission with linear modelling and control sys-
tem design, the linearization being made 
about a nominal forward speed. The vehicles 
employ control surfaces and streamlined bod-
ies, both of which have a good linearization 
up to moderate angles of attack. 

In inspection vehicles, passive roll and 
pitch stability may be very high, since the ve-
hicles are often physically tall and thus have a 
good separation of buoyancy and weight cen-
tres. In this case, only four degrees of freedom 
are controlled: yaw, depth (heave), surge, and 
sway. Coupling of sway, surge, and yaw mo-
tions remains critical, however, and can be 
alleviated to some extent by proper layout and 
thruster location. As with dynamic positioning 
systems in surface vessels, a primary tool is 
the thrust allocation matrix, which translates 
between vehicle-frame forces and moments 

and the thrust developed at each controller. 
Tethered vehicles which are operated manu-
ally often map joystick (or equivalent) user 
commands through a similar matrix to drive 
the vehicle thrusters. 

One of the few comprehensive texts in the 
area of control for marine vehicles is Fossen 
(1994). 

Linear Control. Almost all underwater 
survey vehicles are designed to be controlla-
ble through simple control logic, e.g., the in-
dustrial PID-type control. An excellent exam-
ple of this approach is the NDRE craft (Jalv-
ing, 1994). This vehicle has a classical cruci-
form arrangement of elevators and rudders 
forward of a single prop; the vehicle has rea-
sonable roll and pitch stability, which allows 
the speed, depth, and heading loops to be de-
coupled. During propulsion, the static roll an-
gle is designed to be near zero, and a clean 
linear analysis of each decoupled system al-
lows for conventional control system design 
(PID). The NDRE control system was suc-
cessfully demonstrated in extremely long du-
ration missions, wherein the command 
changes were small and slow enough that the 
near linearity of the vehicle was maintained. 
Similarly, gains were chosen to be small 
enough that actuator linearity held, i.e., no 
saturation or stalling occurred. The vehicle, 
with 4.31 m length, and speed 2.1 m/s, exe-
cutes ten-degree heading changes without 
overshoot in about five seconds; it completes 
a 50 m depth change in about three minutes at 
a maximum pitch angle of 18 degrees. 

A multivariable, self-tuning control algo-
rithm was developed for a ROV by Goheen & 
Jeffreys (1990); the control law is linear, but 
contains an adaptation on its own parameters 
and is hence ultimately non-linear. Two schemes 
are developed both of which depend on favour-
able open loop properties of the vehicle. First, an 
implicit scheme is considered, for which no 
model of the plant is asserted or created; the 
controller adjusts so that the observed output 
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follows some nominal dynamics, e.g. a damped 
second-order response. An explicit scheme uses 
and updates a simplified model of the vehicle, 
i.e., a time constant and gain mapping every in-
put to every output. Simulations show that both 
approaches can accommodate long-term varia-
tions in the vehicle response, such as would be 
caused by fouling of propellers. 

The linear control of survey vehicles also 
makes frequent use of inner-outer loop de-
signs. Specifically, a survey vehicle with rud-
der and elevator achieves a steady-state turn-
ing rate which scales with rudder position, 
and a pitch angle (for small angles) scaling 
with elevator position; the buoyancy moment 
will prevent the vehicle from pitching freely. 
Hence yaw and pitch angles of the vehicle are 
easily controlled directly through rudder and 
elevator. Next, considering that the yaw and 
pitch closed-loop dynamics are fast, they may 
each be incorporated into an outer loop, ser-
voing cross-track error (in the case of an abso-
lute navigation capability), and depth. In a 
typical inner-outer loop cross-track controller, 
the desired heading angle is the heading of the 
desired trackline, perturbed by a gain multi-
plied by the cross-track error. Similarly, the 
pitch command can be perturbed by a gain 
multiplied by the depth error. In both cases, 
what enables the inner-outer approach is that 
the bandwidth of the outer loop is signifi-
cantly slower than that of the inner loop. The 
below equations indicate the control laws for 
cross-track and depth servoing: 
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where y represents the cross-track location, 
and z the depth of the vehicle; heading is φ 
and pitch is θ. The “desired” values pertain to 
the inner (fast) loops; the “reference” values 
pertain to the outer (slow) loops. 

Robust Nonlinear Control. Low-speed ve-
hicles can be controlled effectively by making 
use of various methodologies, including the 

sliding mode technique (Slotine & Sastry, 
1983); this was first applied to underwater ve-
hicles by Yoerger et al. (1985, 1986). A Ben-
thos RPV-430 was modelled as a simple inertia 
and a quadratic drag; the two model coeffi-
cients were determined from step responses to 
thrust commands. The significance of the slid-
ing mode approach is that it explicitly involves 
feed-forward action to eliminate the non-linear 
effects, and coupling to a PD-type of feedback 
to create a nearly linear closed-loop system. 

Higher-level non-linear control, including 
adaptation of parameters during closed-loop 
operation, has been developed and imple-
mented in other vehicles as well. Cristi et al. 
(1990) describes an approach wherein the 
dominant dynamic response is carried in a lin-
earized model and controlled with a linear 
feedback law; but then this is augmented by a 
second control component, based on the slid-
ing mode technique. This second term takes 
the form of a discontinuity that follows the 
sign of an aggregate error vector, i.e., distance 
to the so-called sliding surface. The advan-
tages of this approach are first that the design 
of the linear control part can proceed from 
classical approaches, and second that the dis-
continuous term provides robustness to the 
non-linearities and other uncertainties and dis-
turbances. The sliding mode approach was 
also developed for underwater vehicles by 
Fossen & Sagatun (1991). 

Healey (1992) presents a related strategy 
in which the linearized plant is used to de-
velop optimal trajectories off-line, according 
to a quadratic penalty function; these trajecto-
ries are again augmented by a non-linear part 
derived from sliding control. Application of a 
sliding mode approach was made to a realistic 
vehicle model by Healey & Lienard (1993); 
the vehicle described has forward and aft ele-
vator and rudder pairs, leading to four plant 
inputs; the speed, depth, and heading control 
algorithms, however, were independent. Fi-
nally, an experimental implementation of a 
sliding mode control law for the TATUI ROV 
is given by da Cunha et al. (1995). Track fol-
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lowing tasks in the horizontal plane are con-
sidered, which involve forward and sway mo-
tions, concurrent with heading changes. 

Other Control Issues. Fuzzy-logic and 
neural network approaches often have to their 
advantage simple, linguistic implementation, 
straightforward integration into mission-level 
program logic, self-adaptation to the point of 
good fault tolerance, and the ability to work 
without any model structure (Yuh & Lakshmi, 
1990, 1993; Smith et al., 1995).  

Insofar as streamlined vehicles cannot 
manoeuvre easily in the sway direction, one 
may consider the problem of path planning to 
have a non-holonomic constraint, which can 
be addressed using specific control formula-
tions (Canudas de Wit & Sordalen, 1992, 
Sordalen et al., 1993). 

7.4. Manoeuvring of Existing Vehicles 

Observed Turning of Streamlined Vehi-
cles. Odyssey-class vehicles have been em-
ployed in an integrated Autonomous Ocean 
Sampling Network (AOSN), which involves 
remote docking to deep-water moorings. Re-
sponse of these vehicles during docking gives 
a good indication of manoeuvrability; the 
streamlined vehicle is 2.1 m in length, with a 
nominal forward speed of 1.4 m/s. In one case 
(Feezor et al., 1997), the vehicle completes a 
180-degree turn with about 20 m cross-track 
deflection, measured by acoustic navigation. 
In another test, the vehicle completes a 180-
degree turn in approximately fifteen seconds; 
the dead-reckoned turning diameter is about 
15 m (Singh et al., 1997). 

Similar docking experiments with the Re-
mus vehicle show comparable results; Remus 
has a minimum length of 1.35 m, and a long-
range speed of 1.5 m/s. The turning circle dur-
ing homing has a diameter of approximately 
20 m (Stokey et al., 1997). 

Inspection Vehicles. Detailed hydrody-
namic tests were made with the Dolphin 3K 
vehicle (Nomoto & Hattori, 1986); this vehi-
cle is representative in geometry and layout of 
many tethered inspection vehicles. Static tests 
indicate that relatively simple streamlining 
steps, such as rounding flotation block corners 
and using structural members of circular 
cross-section, have significant impact. Table 
7.1 lists the reported coefficients, non-
dimensionalised with ρ/2 and the projected 
areas (for Cd) or the volume of the vehicle’s 
envelope (other coefficients). The coupled 
added mass terms were found to be negligible. 

Table 7.1 Dolphin 3K vehicle: hydrody-
namic data. 

Cd  (forward)  0.67 Cd  (backward) 0.74 
Cd  (side) 0.98 Cd  (upward) 0.81 
Cd  (downward) 1.58 A'11 0.07 
A'22 0.077 A'33 0.131 
A'44 0.08 A'55 0.123 
A'66 0.085 K'p|p| 0.133 
M'q|q| 0.288 N'r|r| 0.243 

Another ROV which has been character-
ised hydrodynamically is the ROMEO ROV, 
Caccia et al. (2000). This vehicle has signifi-
cant thruster-hull interaction effects, and the 
experiments were made using a free vehicle 
and system identification techniques. Table 
7.2 gives the coefficients, in MKS units. The 
vehicle has a height of one meter, a width of 
0.9 m, a length of 1.3 m, and an in-air weight 
of 450 kg. Eight thrusters provide for posi-
tioning, but they interact with the hull and 
with each other to reduce the effectiveness 
compared to thrusters in open water. The rela-
tive efficiency of the thrust action in each di-
rection is given in the table as η. A series of 
control tests conducted using gain scheduling, 
wherein the vehicle model is linearized about 
an operating point and interpolations are made 
between different linear controllers, was made 
for the ROMEO vehicle (Caccia & Veruggio, 
2000). 
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The VORAM vehicle has a single vertical 
cross-body thruster, and elevators in the wake of 
two main propulsors, presenting a highly non-
linear system for control (Lee et al., 1999). The 
vehicle is 2.8 m in length, with a flattened cross-
section. Development of a non-linear, discrete-
time control system leads to closed-loop depth 
changes of about 1 m in ten seconds. 

Survey Vehicles. A brief study of an unusu-
ally-shaped vehicle was made by Anderson 
(1992); the vehicle was an early form of the 
Autonomous Benthic Explorer (ABE), currently 
operated by Woods Hole Oceanographic Institu-
tion. This vehicle presents three streamlined cy-
lindrical hulls, connected together by struts to 
form a V-shape, as seen from the front. Drag 
and lift coefficients of the hull are given in Table 
7.3; the drag data are based on the projected area 
in the direction of motion. The lift value, rele-
vant for motions in the pitch/depth plane, is 
based on the planform area of the vehicle, and is 
thought to be dominated by lift forces on the 
struts. Additionally, the lift value given is an av-
erage, as the vehicle exhibits a localised stall 
behaviour in the range α = 5÷20°. 

Table 7.2 Coefficients of the ROMEO ve-
hicle. 

Zw -44.7  ηN 0.60  

Zw|w| -430.3  Xu -46.9 (forward) 

ηZ 0.56   -57.9 (reverse) 

Nr -20.5
-23.8

 
(low speed)

Xu|u| -306.2
-331.4

(forward) 
(reverse) 

Nr|r| -49.5
-30.8

 
(low speed)

ηX 0.73
0.80

(forward) 
(reverse) 

Table 7.3 ABE model: Hydrodynamic data. 

Cd  (forward motion)  0.024 

Cd  (backward motion) 0.048 

Cd  (side motion) 0.076 

Cd  (upward motion) 0.077 

Cd  (downward motion) 0.080 

Sideslip lift slope 8.5/rad 

Table 7.4 Marius vehicle: hydrodynamic 
data. 

X'u|u| -534 (fwd) M'w 6200 (stat)
X'u|u| -844 (rev)  6450 (dyn)
X'vv -1400 (stat) M'δe -474
 -800 (dyn) M'δa 760
X'δrδr -1100 M'w' -1730
X'δaδa -1000 M'q -2400
X'rr 512 M'q' -420
Y'v -3800 (st/dyn) N'v -1580 (stat)
Y'v|v| -7300 (stat)  -1410  (dyn)
 -12900 (dyn) N'v|v| 1510 (stat)
Y'δr 1450  1940  (dyn)
Y'v' -4450 N'δr -895
Y'r 1330 N'v' 822
Y'rrr 3570 N'r -833
Y'r' 347 N'rrr -191
Z'w -24900 (stat) N'r' -245

 -24500 (dyn) m' 5820
Z'δe -842 I'yy 360
Z'δa -5190 I'zz  364
Z'w’ -11500 X'g -5220, 0, 5000
Z'q 7960
Z'q' -1490

(Note: primes in subscripts
indicate time derivatives) 

PMM experiments with Marius, a “flat-
fish” type vehicle, provide a more compre-
hensive set of linear manoeuvring coefficients 
(Egeskov et al., 1994, Aage & Smitt, 1994, 
Aage & Larsen, 1997). It should be pointed 
out that this vehicle has as actuators: two 
large forward control surfaces (“ailerons”, δa), 
three vertical and one lateral cross-body 
thrusters, a large elevator aft (δe), and twin 
shrouded propellers aft, each with a rudder in 
the wake (δr). Comparatively, Marius repre-
sents an extremely well-actuated vehicle. Co-
efficients are given in Table 7.4; the vehicle 
was originally considered to be open-loop un-
stable in both pitch and yaw. 

PMM experiments were also conducted 
for the AUV-HM1, revealing an unstable yaw 
mode (Chiu et al., 1997). The Aqua Explorer 
2 vehicle (Kojima et al., 1997) is a stream-
lined vehicle designed for relatively low-
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speed inspection of underwater cables. This 
vehicle has forward elevators, and two main 
propulsors, separated along the sway axis, for 
heading control. A one meter step change in 
depth for this vehicle is demonstrated to settle 
(with small overshoot) in about twenty sec-
onds, for a forward speed of 1 m/s. Finally, 
we note a fairly large AUV, the R-1 device, 
with a diesel engine for long-term power (Ura 
& Obara, 1997), which performs depth 
changes of 40 m in about five minutes. 

Behaviour in waves. Autonomous vehicles 
are performing many missions near the shore-
line and in shallow waters, which can provide 
a highly energetic wave environment in com-
parison with very deep water. In still water, it 
has been known for some time that large 
submarines are affected by the free surface 
and that extra trim is usually required for op-
eration in its proximity. A very large AUV, 
the LSV 1, was used to experimentally cor-
roborate these effects, and the data provide a 
basic description of free-surface effects 
(Humphreys et al., 1999).  

A potential flow numerical analysis and 
experimental investigation of wave forces on 
a lightly-damped, submerged body (Musker, 
1985) shows the following effects of waves. 
First, in regular waves, a neutrally-buoyant, 
streamlined cylindrical body, with center-
line located z = 0.18L below the surface, 
and being towed at U = 0.09(gL)½ into head 
seas, the heave motion is approximately 25% 
of the wave height, for λ/L = 1.75; the heave 
is very small for λ/L ≤ 0.75. In a Bret-
schneider wave field, with modal λ/L = 2.0, 
z = 0.20L, and U = 0.12(gL)½, a similar body 
undergoes a depth standard deviation of about 
0.03z.  

More recently, a boundary integral method 
has been developed for the purpose of charac-
terizing vehicle motions in a wave field (An-
anthakrishnan & Zhang, 1998). These calcula-
tions involve a stationary vehicle. For the con-
ditions of z = 0.5D, λ/L = 2.0, H/L = 0.18 

(wave height), and d = 2.0L (depth) one ob-
tains, per unit beam of the vehicle, suction 
and surge force amplitudes, respectively, for a 
following wave: 

22 00500250 gL.X;gL.Z ρρ ==                  (37) 

With z = 0.25L, these forces are 

22 00600400 gL.X;gL.Z ρρ ==                  (38) 

This reference also shows that during 
operations near a flat bottom, the vehicle 
tends to “squat”, with Z ~ 0.001 ρU2L2 for an 
altitude of 0.15L; this force decays rapidly 
with increasing distance from the bottom. 

An estimation of the wave field from the 
motions of a vehicle, and a subsequent predic-
tive surge controller has been suggested by 
Riedel & Healey (1998). 

A controlled wave experiment with a free-
swimming vehicle was performed at the 
David Taylor Model Basin, using an Explorer 
series vehicle (An & Smith, 1998). The re-
sponses were obtained with the vehicle under 
closed-loop fuzzy attitude control, not at-
tached to any carriage, in regular following, 
head, and beam seas. With a vehicle depth of 
z = 0.94L, and U < 0.33 (gL)½, H/L = 0.19, the 
vehicle undergoes significant pitching mo-
tions of near four degrees, particularly in fol-
lowing seas; in beam seas, coupling of roll 
and pitch occurs, with several degrees of mo-
tion on each axis. Worst-case surge accelera-
tions are 0.07g in the case of a following sea; 
significant sway and heave accelerations also 
occur for beam sea conditions. 

7.5. Non-Traditional AUV’s 

This section describes some departures 
from the traditional composition of propellers 
and control surfaces. A number of these vehi-
cles are biomimetically-derived, that is, they 
borrow their form or motion, or both, from 
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A.3 Effect of muddy bottoms 

Introduction. Many navigational channels 
have bottoms that are covered with fluid mud 
suspensions, characterised by low density 
(1050-1300 kg/m³) and weak shear strength. 
In such conditions, the bottom level and, 
therefore, the depth are not clearly defined, as 
traditional survey techniques appear to be not 
adequate. In muddy areas, it is appropriate to 
introduce the nautical bottom concept, de-
fined as the level where physical characteris-
tics of the bottom reach a critical limit beyond 
which contact with a ship’s keel causes either 
damage or unacceptable effects on controlla-
bility and manoeuvrability. For more informa-
tion about this concept reference is made to 
PIANC-IAPH joint working group 30 
(PIANC/IAPH, 1997). The present report will 
only focus on the influence of mud deposits 
on a ship’s manoeuvrability, as a result of two 
kinds of phenomena: 

 the rheological properties of the mud, 
which are particularly important in case 
of contact between the mud and the 
ship’s keel; 

 the presence of a two-layer system, so that 
undulations are not only generated in the 
air-water interface, but also in the water-
mud interface. This effect also may affect 
ship behaviour if no contact occurs. 

The present knowledge on interaction be-
tween ships and fluid mud layers is based on 
(Vantorre, 1994): 

 model tests above mud-simulating layers at 
Marin (Sellmeijer & van Oortmerssen, 
1983), Flanders Hydraulics (Vantorre & 
Coen, 1988; Wens et al., 1990; Vantorre, 
1991; Ferdinande & Vantorre, 1991; Van 
Craenenbroeck et al., 1991) and Sogreah 
(Brossard et al., 1990a, 1990b); 

 full-scale tests in Rotterdam (van Bochove 
& Nederlof, 1979; Sellmeijer & van Oort-
merssen, 1983), Nantes-Saint-Nazaire 
(Brossard et al., 1990a) and Zeebrugge 
(Kerckaert et al., 1988; Van Craenenbroeck 
et al., 1991); 

 theories (Ferdinande and Vantorre, 1991; 
Zilman et al., 1994) and numerical calcula-
tions (Tulin et al., 1993; Wu, 1993; Avital 
and Miloh, 1994; Miloh, 1995). 

Interface deformation. The effect of fluid 
mud layers on a ship’s behaviour mainly de-
pends on the deformation of the interface 
caused by the pressure field around the mov-
ing hull. These vertical interface motions are 
influenced by the ship’s forward speed 
(Figure A.4): 

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

 At intermediate speed, an interface sinkage 
is observed under the ship’s entrance, 
which at a certain section changes into an 
elevation. This internal hydraulic jump is 
perpendicular to the ship’s longitudinal axis 
and moves towards the stern with increas-
ing speed (2nd speed range). 

 At higher speed, the jump occurs behind 
the stern (3rd speed range). 

In general, the effect on ship behaviour is 
most important in the 2nd speed range. The 
transition velocity between 2nd and 3rd speed 
ranges can be estimated as (Vantorre, 1991): 
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Propulsion and resistance. The effect of 
interface deformation on the propulsive prop-
erties of a ship is clearly illustrated by the re-
lation ship speed-propeller rate. In the 2nd 
speed range, a given propeller rpm results in a 
significantly lower speed compared to a solid 
bottom situation; it appears to be difficult to 
overcome the critical speed. In the 3rd speed 
range, the effect of the muddy bottom is prac-
tically nil (Figure A.5). The transition be-
tween 2nd and 3rd speed range is very clear at 
an under keel clearance of 0.1 ÷ 0.2 T relative 
to the interface, but is smoother with decreas-
ing under keel clearance. 

There are indications that the speed reduc-
tion in the second speed range is not caused 
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by increased resistance, but by obstruction of 
the flow to the propeller due to contact be-
tween the ship’s keel and the risen interface. 
An important increase of the thrust coefficient 
is observed in these conditions, indicating an 
increase of the wake factor. 

 

Figure A.4 Ship induced water-mud inter-
face motions. Above: 2nd speed range, below: 
3rd speed range (Vantorre, 2001b). 

 

Figure A.5 Model tests above and in mud- 
simulating layers: typical speed-propeller rate 
relationships (Vantorre, 2001b). 

Manoeuvrability. A mud layer appears to 
affect dynamic behaviour as follows (Sellmei-
jer & van Oortmerssen, 1983). 

 A ship becomes more sluggish if the under 
keel clearance is reduced, until the latter is 
3-5% of draft. Further reduction makes the 
ship less slow in her manoeuvres. 

 The effect of mud on manoeuvres is larger 
at slow speed (3 knots) than at high speed 

(up to 7 knots). 
 Steady motions are generally slackened 

(forward speed, drift and rate of turn are 
lower), while dynamic motions are acceler-
ated (smaller overshoot in zigzag tests). 

Rudder action is affected in several ways: 
 The force induced by rudder action in-

creases, while its application point shifts 
forward. 

 At small rudder angles, instabilities may 
occur: rudder induced forces and moments 
act in the wrong sense if the keel is in con-
tact with both water and mud. Such insta-
bilities take place if the keel is in contact 
with both water and mud, especially if the 
contact zone is located near the stern. 

Controllability may be heavily affected if a 
ship’s keel is in contact with a plastic consoli-
dated mud layer. She tends to follow her own 
way; at the same time, it is practically impos-
sible to decrease speed, although the latter is 
only 1 or 2 knots. Such phenomena were ob-
served during full scale tests and confirmed 
by pilots and crew of inland vessels. 

A.4 Effect of horizontal restrictions 

Introduction. In restricted waters, a ship’s 
behaviour is affected by the presence of the 
lateral limits of the navigation area, such as 
banks and quay walls. These restrictions may 
influence the hydrodynamic forces and mo-
ments acting on the ship hull, due to effects of 
different origin. Following distinction is made: 

 bank effects due to a ship’s motion parallel 
to the bank causes and/or propeller action; 

 cushion effect: the lateral force acting on a 
ship hull moving laterally at constant speed 
towards a solid boundary increases with 
decreasing bank clearance; 

 lateral restrictions influence a ship’s  fre-
quency domain characteristics and, there-
fore, hydrodynamic memory effects occur-
ring in case of large accelerations or 
decelerations (e.g. contact with fenders).  
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Bank effects. Several experimental studies 
on ship-bank interaction were reported: Fujino 
(1968), Eda (1971), Norrbin (1974, 1985), 
Fuehrer & Römisch (1974), Dand (1981), 
Ch’ng et al. (1993), Vantorre (1995), Li et al. 
(2001). This list is incomplete, and should be 
extended with theoretical/numerical studies. 

For a given ship, bank effects depend on 
several parameters: 

 ship-bank distance: generally, the lateral 
force Y and yawing moment N increase 
with decreasing bank clearance, although 
the yawing moment may decrease if the 
clearance becomes very small; 

 forward speed u: Y, N are approximately 
proportional to u²; especially in shallow 
water, the effect of u is more important; 

 depth-draft ratio: if h/T exceeds a critical 
value, located in the range 1.1–1.25, a 
towed ship is attracted to the bank, while 
at low h/T, repulsion takes place. N in-
creases significantly at very low h/T; 

 propeller action: positive propeller rpm 
results in an attraction between the stern 
and the bank; at very low h/T, bank re-
pulsion at zero rpm can be changed into 
bank attraction due to this effect; 

 bank geometry (slope, surface piercing, 
flooded). 

Only a very few semi-empirical methods 
allowing calculation of ship-bank interaction 
forces as a function of relevant parameters are 
available. The formulation published by 
Norrbin for a specific tanker model (L = 5.024 
m, B = 0.852 m, T = 0.339 m, CB=0.821, pro-
pelled) is often referred to (see Figure A.6): 

 

Figure A.6 Norrbin (1974, 1985): bank 
configurations. 

 for vertical banks (Norrbin, 1985): 
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 for sloping banks (Norrbin, 1985): 
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 for flooded banks (Norrbin, 1974): 
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Ch’ng et al. (1993) proposed a formulation 
for bank-induced sway force and yaw moment 
based on tests on two MarAd Series hull 
forms (L = 1.698 m, B = 0.340 m, T = 0.077 
m, CB = 0.85; bulbous and cylindrical bow) 
and a container ship model (L = 1.750 m, B = 
0.254 m, T = 0.095 m, CB = 0.57): 
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with 
a5 = –59.3 +34.7 CB B/T 
a7 = 1.87  +0.382 CB B/T 
a9 = –0.896 –3.22 CB B/T 
a13 = 0.0145 –0.234 CB B/T 
b8 = –1.1  +0.389 CB B/T 
b13 = –0.159 +0.0191 CB B/T 
b14 = 0.0379 –0.0413 CB B/T 
b16 = –4.21 –1.69 CB B/T 

                                                               (A53) 

yB and yB3 are defined as (see Figure A.7): 
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Figure A.7 Ch’ng et al. (1993): symbols. 

CT is the thrust coefficient: 
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TP being the propeller thrust, VA = (1-w)U the 
speed of advance and D the propeller diameter. 

Cushion effects. A ship hull moving later-
ally at constant speed towards a solid boundary 
(e.g. quay wall) undergoes a lateral force that 
increases with decreasing bank clearance. For 
modelling this cushion effect, following ex-
pression is proposed by Vantorre & Laforce 
(1998): 
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qM being the lateral clearance between the 
ship’s side and the quay wall. A similar ex-
pression can be formulated for the yawing 
moment NC. The first term formulates the in-
crease of lateral resistance with decreasing 
clearance; the second term accounts for the 
effect of propeller action. The latter induces 
two kinds of effects, counteracting each other. 
 
 

 Figure A.8 Lateral bank suction force on a 
panamax bulkcarrier model at zero speed due 
to propeller action: influence of h/T (u=0, 
v=0) (Vantorre & Laforce, 1998). 
 
 

 Figure A.9 Lateral force on a panamax 
bulkcarrier model moving laterally towards a 
vertical quay in function of quay clearance 
and depth to draught ratio (n=0) (Vantorre & 
Laforce, 1998). 
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The hydrodynamic forces and moments 
acting on a swaying ship model in open water 
are influenced significantly by propeller ac-
tion; in the vicinity of a bank, however, pro-
peller action results into an attraction of the 
stern towards the bank. This bank suction 
force significantly increases with decreasing 
water depth (Figure A.8). 

The factor A, being the ratio between the 
lateral cushion force Y*

C0 for zero quay clear-
ance and the lateral force Y*

O due to pure 
sway in open water, strongly depends on h/T, 
as can be derived from Figure A.9. An ap-
proximate value for k appears to be 2; kn var-
ies between 0.5 and 1.0, depending on h/T. 
Exact values for these coefficients can be de-
termined experimentally. 

Hydrodynamic memory effects. If a ship 
undergoes relatively large accelerations or de-
celerations, so-called hydrodynamic memory 
effects cannot be neglected. These effects are 
caused by the presence of a free surface: a 
sudden acceleration causes denivellations, 
which affect the hydrodynamic forces acting 
on the hull during some time interval after the 
event. This implies that a quasi-stationary ap-
proach is no longer valid. 

Such effects occur during berthing 
manoeuvres, in case of contact between the 
ship and (fendered) jetties or quay walls. Also 
in collision situations, manoeuvres assisted by 
tugs or anchors, and even sudden rudder and 
machine manoeuvres, non-stationary phenom-
ena may affect a ship’s behaviour, and should 
be implemented into the mathematical simula-
tion model. 

As non-stationary hydrodynamic forces 
are caused by wave effects, they are influ-
enced substantially by the boundaries of the 
navigation area. There is not only an import-
ant effect of the water depth, but in the vicin-
ity of quays, banks or other closed boundaries, 
memory effects depend on the relative posi-

tion between the ship and these boundaries as 
well. 

Several methods are available in literature 
in order to represent non-stationary hydrody-
namic forces, although most of them are origi-
nally not meant for real-time applications. 
Taking account of the possible way of 
implementation of these methods into a ma-
noeuvring simulator’s algorithm, these 
mathematical models can be divided in two 
categories: 

 models requiring no modifications to the 
simulator’s integration scheme, as non-
stationary forces are calculated in a sepa-
rate module; 

 models introducing a set of time depend-
ent parameters fulfilling supplementary 
differential equations, to be integrated 
simultaneously with the original equa-
tions of motion. 

In models of the first category, non-
stationary hydrodynamic forces are calculated 
by means of impulse response functions 
(IRF). Models based on IRF techniques are 
applied rather currently for determining a 
ship’s kinematic and dynamic time history in 
case of contact with fixed constructions (Pe-
tersen & Pedersen, 1981; Blok et al., 1984; 
Fontijn, 1987, 1988), collisions with another 
ship (Petersen, 1982), moored ships in waves 
(van Oortmerssen et al., 1974, 1976, 1986; 
Remery, 1974). These functions, denoted 
hkj(τ), represent the time history of the hydro-
dynamic force acting in mode k caused by a 
velocity pulse in mode j and are grouped in a 
n×n-matrix [h]: 
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Figure A.10 Added mass and hydrodynamic damping for a swaying rectangular block near a ver-
tical wall, h/T = 1.167 (Fontijn, 1988). 
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[µ] and [λ] denote the high-frequency lim-
its for added mass and hydrodynamic damp-
ing coefficients, while [K] denotes the matrix 
of retardation functions, which are time do-
main characteristics. Compared with a quasi-
stationary approach, the low frequency limits 
for added mass and damping are replaced with 
the high-frequency limit, and an integral is 
added in order to incorporate memory effects. 

IRF techniques appear to be very suitable 
for implementation into a manoeuvring simu-
lator program with modular structure, but re-
quire rather lengthy numerical operations. At 
each time step, retardation functions must be 
calculated, multiplied with the recent kine-
matic history and integrated. As a con-
sequence, the use of an IRF method is only 
feasible if an algorithm is available for calcu-
lating the retardation functions taking account 
of the ship’s relative position to the bounda-
ries of the navigation area. 

The retardation functions, which can be 
considered as the time domain characteristics 
of the manoeuvring ship, are related to the 
frequency domain characteristics: 
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π
ω det tiTK
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                                         (A58) 

T(ω) is a complex transfer function, defined 
as: 

( )[ ] ( )[ ] [ ]( ) ( )[ ] [ ]( )λbµT −+−= ωωωω ai                  (A59) 

which can be calculated by means of appro-
priate numerical techniques. Expressions for 
the lateral force and the yawing moment 
based on a slender body approximation are 
formulated by van Oortmerssen (1976), Peter-
sen (1982), Vantorre (1992). 

In the vicinity of a quay wall, the fre-
quency domain characteristics and, therefore, 
the retardation functions are influenced sub-
stantially. In case the ship is parallel with the 
quay wall, this influence is mainly concen-
trated in a narrow frequency range, character-
ised by an important increase of the damping 
coefficient. The added mass curve consecu-

tively reaches a maximum and a minimum in 
this range. Even negative values for added 
mass occur, which means that the water mass 
between quay and ship acts as a spring at 
these frequencies (see Figure A.10). The in-
fluence of the presence of a quay on the lateral 
force acting on a decelerated ship is illustrated 
in Figure A.11. 
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g
tt )( 3−   

Figure A.11 Captive quay wall approach 
tests with panamax bulk carrier model (h/T = 
1.2, u = 0, n = 0): lateral force during and af-
ter deceleration phase. Influence of quay 
clearance qM (Vantorre & Laforce, 1998). 

Vantorre & Laforce (1998) proposed follow-
ing approximation for the elements of [T(ω)] 
in the vicinity of a quay wall: 
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leading to following expressions for added 
mass and hydrodynamic damping coefficients: 
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while following expression is obtained for the 
retardation function: 
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where 
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T(0) is the transfer function for laterally un-
restricted, shallow water conditions. The trans-
fer function parameters ξ(j), A0

(j), A1
(j), B1

(j) 
(j=1,…,N) depend on the position of the ship 
referred to the quay wall, i.e. on distance and 
orientation. With N = 2 to 4, a fair agreement 
with experimental results can be obtained. 

Direct time approach (DTA) and state 
variables (SV) methods belong to the second 
category. The difference between both is situ-
ated in the nature of the parameters. In a DTA, 
the latter are characterised by a clear relation-
ship with the physical reality. In a SV method, 
the parameters are grouped in an artificial 
“state vector” without physical meaning, ful-
filling differential equations selected according 
to purely mathematical conventions. A typical 
example of a DTA is the long-wave approxi-

mation, applied by Middendorp (1981). A two-
dimensional rectangular section performs a lat-
eral motion in shallow, but laterally unre-
stricted water, causing denivellations of the 
water level which move away from the ship 
with velocity cw=(gh)½. It is assumed that the 
lateral hydrodynamic force acting on this sim-
plified hull form can be expressed as a function 
of five parameters: the denivellations on port 
and starboard, the lateral fluid velocity on port, 
on starboard and under the keel. Five differen-
tial equations are added to the equation of mo-
tion in lateral direction: continuity and mass 
conservation on both port and starboard, and 
momentum conservation under the keel. Elimi-
nation of four of these parameters leads to a 
system of two differential equations with two 
unknown time functions: the lateral position x2 
of the ship and the fluid velocity vb in the un-
der-keel area: 
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γ being a proportionality coefficient for the 

shear stress in case of laminar flow (= νωρ  
in case of oscillating flow). 

Fontijn (1988) developed a DTA for the 
lateral motion of a rectangular vessel parallel 
with a vertical wall. For this purpose, three 
simplified differential equations with three 
unknown time functions were used: the longi-
tudinal fluid velocity distribution and the free 
surface elevation in the quay clearance, and 
the ship’s lateral position. 
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The use of SV for the calculation of non-
stationary hydrodynamic forces on floating 
vessels is theoretically developed by 
Schmiechen (1973, 1974), who applied the 
technique to the case of two ships in a colli-
sion situation. The horizontal motions of a 
moored tanker were simulated making use of 
SV by Jiang et al. (1987). 

The hydrodynamic forces in (A57) can be 
considered as a functional: 
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This formulation is replaced with a system of 
recursive relationships containing a set of 
state variables [s0],[s1],...,[sn]. If this system is 
assumed to be linear, it can be formulated as: 
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(i) denoting the i-th time derivative. A suitable 
formulation for the hydrodynamic forces is 
obtained if m=1 in (A70), with: 

[ ] ( )[ ] [ ] [ ] ( )[ ] [ ]  µaCλbC =∞==∞= 10 ;           (A71) 

so that [s0] expresses the non-stationary part 
of the hydrodynamic forces in (A68): 
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The other state variables [s1],...,[sn] can be 
considered as memory parameters, as they 
must be known in order to calculate [s0]. 

 Making use of the frequency response 
characteristics [a(ω)] and [b(ω)], the scalar 
elements of matrices [Ak] and [Bk] can be es-
timated as follows. The set (A69) of n+1 first-

order differential equations is rewritten as one 
differential equation of order n+1. After Fou-
rier transform and elimination of [s0], follow-
ing set of algebraic equations is obtained: 
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If numerical data for [a(ω)] and [b(ω)] are 
available for a (equidistant) set of pulsations 
ω, an optimal estimation for the matrix ele-
ments Ak and Bk can be found by means of a 
least square method. 

In the marginal case n=0 only one SV, 
[s0], is introduced. Elimination of the latter 
leads to: 
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For uncoupled sway, (A74) is equivalent 
with a simplified long-wave approximation if 
µ=0, λ=-B0/A0≠0, a(0)=-B0/A0

2, so that: 
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Hence, an acceptable approximation for the 
frequency response characteristics can only be 
guaranteed for relatively low frequencies, as 
this approach results in high frequency limits 
for added mass and damping which are in 
contradiction with experimental and theoreti-
cal data. If rather moderate frequencies are 
expected, the method can be used for simulat-
ing memory effects in laterally unrestricted 
water, a fair approximation of a ship’s fre-
quency characteristics near a quay wall cannot 
be obtained. 

n should at least be 1 for a realistic 
approximation of added mass and 
hydrodynamic damping coefficients (see 
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damping coefficients (see Figure A.12). Even 
an approximation of the typical shape of the 
frequency response characteristics of a ship 
near a closed boundary can be obtained, al-
though n=2 to 4 is advised. 

  

Figure A.12 SV method, n=1: frequency 
response characteristics. 

A.5 Ship-ship interaction 

Overview. There are few published data 
from experimental research on interaction be-
tween ships. Newton (1960) investigated in-
teraction effects during overtaking manoeu-
vres with two ship models in deep water (L1 = 
4.51 m, B1 = 0.63 m, T1 = 0.18 m, CB1 = 0.61; 
L2 = 3.46 m, B2 = 0.43 m, T2 = 0.18 m, CB2 = 
0.71; h = 2.74 m). Müller (1967) studied both 
overtaking and meeting of ships in a narrow 
canal, Remery (1974) the interaction forces on 
a moored vessel due to the passage of another 
ship. Dand (1981) carried out overtaking and 
head-on encounter tests between two ship 
models (L1 = 3.32 m, B1 = 0.47 m, T1 = 0.17 
m, CB1 = 0.70; L2 = 3.96 m, B2 = 0.51 m, T2 = 
0.21 m, CB2 = 0.76; h = 0.23-0.56 m) on par-
allel courses. Comprehensive test series with 
ship models of both equal and different length 
in overtaking and encountering manoeuvres 
are described by Vantorre et al. (2001). 

Other authors have developed numerical 
methods to calculate interaction forces theoreti-
cally, e.g. Tuck & Newman (1974), Kijima 
(1987), Kaplan & Sankaranarayanan (1987). 

There are very few semi-empirical ap-
proaches, resulting in an estimation of the 
time histories of forces and moments in the 
horizontal plane due to interaction with an-
other ship as a function of geometry, speeds 
and environment parameters. Brix (1993) pre-
sents a method to estimate the forces and 
moments acting on a ship during overtaking. 
The influence of water depth not taken into 
account, and the ratio of ships’ lengths is lim-
ited. Varyani et al. (1999) present empirical 
formulae for predicting the peaks of the lateral 
force and the yaw moment during encounter 
manoeuvres. The cases in which one of the 
ships has zero speed are not covered, and the 
length ratio is limited. 

General observations. The general pattern 
of the time histories of the longitudinal and 
lateral force components and of the yaw mo-
ment acting on the own ship mainly depends 
on the ship lengths ratio and the ship speeds 
ratio. 

Interaction forces between two ships of 
approximately the same length can be charac-
terised as follows 

 Head-on encounters: 

▫ X: consecutive decrease and increase 
of the ship’s resistance 

▫ Y: initial repulsion, followed by at-
traction between both ships, and fi-
nally repulsion again; 

▫ N: consecutive actions of bow repul-
sion, bow attraction, bow repulsion 
and bow attraction. 

However, a different pattern is observed if 
the target’s ship speed is zero: 

▫ X: a general resistance increase; 

▫ Y: the first repulsion phase is missing; 

▫ N: no clear pattern. 
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Figure A.13 Ship-ship interaction: symbols and conventions. 

 
 Target ship overtakes own ship: 

▫ X: consecutive resistance increase and 
decrease; 

▫ Y: comparable to encounter manoeu-
vres; 

▫ N: only two extremes, consecutive bow 
repulsion and bow attraction. 

 Own ship overtakes target ship: 

▫ X: slight resistance decrease, followed 
by increase; 

▫ Y: consecutive attraction and repulsion; 
▫ N: consecutive bow attraction and bow 

repulsion. 

For X and N, the first phases disappear with 
decreasing target ship’s speed. 

If the length of both ships is significantly 
different, these patterns may be different. 

 Head-on encounters: 

▫ X, Y: the general pattern remains valid, 
although some higher harmonics may 
be introduced; 

▫ N: the general pattern remains valid for 
the longest ship, while the smallest 
ship undergoes a larger number of ex-
tremes. 

 For overtaking manoeuvres, the general 
pattern for ships of equal length is, to 

some extent, also applicable, although 
higher harmonics can be distinguished. 

Empirical formulae. Brix (1979, 1993) pre-
sented a semi-empirical approach to estimate 
forces and moments acting on a ship during an 
overtaking manoeuvre. The maximum values 
of the longitudinal force, the transverse force 
and the yawing moment can be approximated 
by (see Figure A.13): 
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where Lm=½(LO+LT); Tm=½(TO+TT); Vm= 
½(VO+VT). The smaller values have to be used 
for LT/LO > 1.5. 

The values in (A76) are valid for a standard 
passing distance ycc0 = 0.35 Lm. The influence 
of the spacing ycc between the ships’ centre-
lines can be included as follows: 

   ycc <  0.6 Lm : ∝ ycc
-1 

 0.6 Lm <  ycc <  1.6 Lm : ∝ ycc
-2 

   ycc >  1.0 Lm : ∝ ycc
-3 ÷ ycc

-4 

The curves of these interactions as func-
tions of relative ship position ξ may be con-
structed using Table A.1. 
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Table A.1 Interaction forces and moment on 
overtaking ships in function of relative ship 
position (Brix, 1993). 

ξ -1.000 -0.750 -0.500 -0.250 0.000
X/Xmax  -0.289 -0.690 -1.000 -0.850 -0.250
Y/Ymax  0.289 0.345 -0.060 -0.595 -0.935
N/Nmax  0.264 0.706 1.000 0.873 0.221

 

ξ 0.000 0.250 0.500 0.750 1.000
X/Xmax  -0.250 0.590 0.980 0.810 0.330
Y/Ymax  -0.935 -0.982 -0.637 -0.250 -0.089
N/Nmax  0.221 -0.682 -0.927 -0.706 -0.424

Table A.2 Lateral force on meeting ships: co-
efficients and exponents (Varyani, 1999). 

i 1 2 3 
Yi

ms 1.20 -2.00 1.01 
Yi

md -0.85 -0.85 -0.85 
Yi

mu 0.434 0.492 0.626 
αi -5.50 -4.80 -6.00 
βi -0.90 -0.96 -0.94 
δi -2.19 -2.19 -2.19 

Table A.3 Yaw moment on meeting ships: 
coefficients and exponents (Varyani, 1999). 

I 1 2 3 4 
Ni

ms 0.305 -0.81 0.95 -0.21 
Ni

md -0.85  0  0 -0.85 
Ni

mu (UT>UO)  0 1.585 7.059  0 
Ni

mu (UT<UO)  0 0.839 3.926  0 
εi -5.00 -8.00 -10.00 -5.00 
ϕi -0.75 -1.00 -1.20 -0.90 
δi -2.19 -2.19 -2.19 -2.19 

Varyani et al. (1999) present empirical for-
mulae for predicting the peaks of the lateral 
force and yawing moment due to interaction 
between two meeting ships: 
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(i=1: bow-bow; i=2: midship-midship; i=3: 
stern-stern) 
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  (A78) 

(i=1: bow-bow; i=2: immediately before mid-
ship-midship; i=3: immediately after midship-
midship; i=4: stern-stern) 

Values for the constants and exponents are 
given in Tables A.2 and A.3. 

Validation. Figures A.14 and A.15 compare 
experimental data (Vantorre et al, 2001) with 
the results of (A77-A78). The following is con-
cluded. 

 The formulae proposed by Varyani et al. 
(1999) for the lateral force and yawing 
moment lead to results in the same order 
of magnitude as the measured data in the 
case of an own ship with full shapes. This 
is the case for several types of target ships: 
slender (Figure A.14) and full (Figure 
A.15a) ships the length of which is compa-
rable to the own ship’s length, and a full 
ship with a significantly smaller length 
(Figure A.15b). Nevertheless, the lack of 
the influence of the target ship’s draft in 
the latter can be observed, while the effect 
of the own ship’s draft appears to be over-
estimated. 

 The lateral interaction force acting on a slen-
der ship during encounter manoeuvres with 
full ships of comparable length is clearly un-
derestimated by (A77), see Figure A.15c. 
The first peak of the yawing moment is un-
derestimated by (A78); the other peaks may 
be either under- or overestimated. 

In comparison with the experimental obser-
vations mentioned by Vantorre et al. (2001), 
Brix’ method results into an important underes-
timation of the forces acting on an overtaking 
ship. It should be born in mind, however, that 
Brix (1993) is valid for deep water only.
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Figure A.14 Ship-ship interaction, lateral force (Y2) and yawing moment (N1): comparison 
between experimental data (Vantorre et al., 2001) and empirical formula by Varyani et al. (1999). 
Own ship: Esso Osaka model (LO = 3.824 m, BO = 0.624 m, TO,ref = 0.207 m); target ship: container 
carrier (LT = 3.864 m, BT = 0.550 m, TT,ref = 0.180 m). 
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Figure A.15 Ship-ship interaction, lateral force (Y2): comparison between experimental data 
(Vantorre et al., 2001) and empirical formula by Varyani et al. (1999). 

(a) Own ship: Esso Osaka model (LO = 3.824 m, BO = 0.624 m, TO,ref = 0.207 m); target ship: bulk 
carrier (LT = 3.984 m, BT = 0.504 m, TT,ref = 0.180 m). 

(b) Own ship: Esso Osaka model (LO = 3.824 m, BO = 0.624 m, TO,ref = 0.207 m); target ship: small 
tanker (LT = 2.210 m, BT = 0.296 m, TT,ref = 0.125 m). 

(c) Own ship: container carrier (LT = 3.864 m, BT = 0.550 m, TT,ref = 0.180 m); target ship: Esso 
Osaka model (LO = 3.824 m, BO = 0.624 m, TO,ref = 0.207 m). 
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A.6 Squat 

Definition of squat. Squat is the combined 
effect of sinkage and trim due to the forward 
velocity of the ship. Tuck (1995) defines 
squat as follows: “Squat is not a change of 
draft (...). It is an overall lowering of the ship 
together with the water in the neighbourhood 
of the ship. Hence it is almost unseen in the 
open sea, where it is nevertheless present. 
However, squat is mainly of concern in re-
stricted water (...)”. 

Slender body theory. Tuck (1966, 1967) 
and Tuck and Taylor (1970) developed ex-
pressions for sinkage and trim making use of 
a slender body theory considering one-, two- 
and three-dimensional flow for both subcriti-
cal and supercritical speeds. In the subcritical 
range, following expressions are obtained: 
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In these expressions, sM and t denote midship 
sinkage and trim, respectively; Frh is the 
Froude depth number: 
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U
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Css and CT are given by: 
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Another way of representing sinkage and 
trim makes use of following notation: 
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Squat calculation based on one-
dimensional theory. A semi-empirical theory 
to predict sinkage and trim with reasonable 
accuracy was developed by Dand and Fergu-
son (1973). Application of the continuity 
equation and Bernoulli’s equation in the case 
of a ship with sectional area A(x) and beam 
B(x) moving with speed U in a canal of rec-
tangular cross-section area Ach=W*h yields 
following equation for the relative water ve-
locity U1(x): 
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m(x) being the local blockage factor: 
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This results in a water level ζ(x) near the ship: 
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Integration of the water level variations over 
the ship length yields sinkage and trim coeffi-
cients: 
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Figure A.16 Effect of self-propulsion on trim (Dand & Ferguson, 1973). 

This approach can be applied to the case of 
shallow water of infinite width if an effective 
channel width is assumed. Dand & Ferguson 
(1973) propose an effective width W = 0.975 
LPP, and to apply following correction factors 
to the results of equations (A89-A90): 
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w denoting an affective width parameter: 
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The subscript n refers to the naked hull; the 
effect of self-propulsion is accounted for as 
follows: 
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γ being deduced from model tests and shown 
in Figure A.16. 

Squat formulae for practical use. A reli-
able estimation of squat effects is of impor-
tance for evaluating the water depth required 
for safe navigation. For this reason, several 
authors proposed practical methods for calcu-
lating squat based on general ship characteris-
tics. An overview of these methods will be 
given in chronological order; many of them 
can be found in the review carried out by 
PIANC/IAPH Joint Working Group No. 30, 
Dimensions of channels and fairways – a 
practical guide (PIANC, 1997). 

 Soukhomel & Zass (1958) proposed: 
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It is assumed that sAP ≥ sFP, which is only 
the case for slender ships; the sinkage of the 
ship’s stern is given by: 
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 Hooft (1974) makes use of formulation 
(A85), proposed by Tuck & Taylor (1970), 
with CZ = 1.4÷1.53 and Cθ = 1.0 for a wide 
range of ship forms. 

 The National Ports Council (Dand, 1975) 
published a graphical “squat estimation 
chart” (Figure A.18, next page) for full-
bodied ships. 

 Huuska (1976) formulated the bow squat sb 
in a similar way and introduced a blockage 
factor Ks: 
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K1 is a correction factor (Figure A.17); As 
and Ach denote the ship’s midship section 
area and the wetted cross sectional area of 
the channel or canal, respectively (Figure 
A.17). For open water (small s1, Ks = 1), the 
formula was adopted by ICORELS (1980). 

 Eryuzlu & Hausser (1978) proposed fol-
lowing expression, valid for 1.08 ≤ h/T ≤ 
2.78, based on model tests with three 
VLCCs with bulbous bow at self-

propulsion point: 
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 Barrass (1979a) tentatively proposed fol-
lowing empirical formula: 
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based on squat results from different full 
scale and model test observations of 
ships with 0.5 < CB < 0.9 both in open 
water and in restricted channels for 1.1 < 
h/T < 1.5. For laterally unrestricted water 
the effective width Weff of the waterway 
is equal to 

BCW WP ])(145[7.7 2
eff −+=           (A99) 

Barrass (1979b, 1981) modified and sim-
plified his initial formula to: 
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Figure A.17 Correction factor K1 used by 
Huuska’s model for confined channels 
(PIANC/IAPH, 1997). 
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Figure A.18 Graphical method for prediction of squat of full-bodied ships (Dand, 1975). 
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Figure A.19 Cross-section of channel/canal: definitions (PIANC/IAPH, 1995) 

 
which can be simplified to: 
▫ in confined water, 1.1 < h/T < 1.2: 
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▫ in open water (0.06 < Am/Ac < 0.30): 
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 Fuehrer & Römisch (1974), reviewed by 
Römisch (1989), represent the bow and 
stern squat as fractions of critical values 
which are the values at the upper limit of 
the sub-critical speed range: 
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and following critical speed values: 
▫ unrestricted shallow water (m<0.167, 

W/LPP > 3): 
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and following critical speed values: 
▫ canal with rectangular or trapezium-

shaped cross section (m>0.167, 
LPP/W<3): 

ghKV c=crit                          (A106) 

Kc being a function of Ac/Am: 

Ac/Am 1 6 10 20 30 ∞ 

Kc 0.00 0.52 0.62 0.73 0.78 1.00 
▫ restricted channels: 
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 Millward (1990) developed an expression 
for maximum bow squat in laterally un-
restricted water based on model tests 
with various hulls (0.44 ≤ CB ≤ 0.83) in 
length to depth ratios L/h = 6 to 12: 
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Millward stated that his formula would 
“likely overestimate the squat and there-
fore err on the side of safety”. 
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 Millward (1992) derived a second em-
pirical formula using Tuck’s basic for-
mat: 
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 Eryuzlu et al. (1994) undertook thorough 
model tests with general cargo ships and 
bulk carriers with bulbous bow (CB ≥ 0.8, 
L/B = 6.7÷6.8, B/T = 2.4÷2.9) in laterally 
non-restricted water with restricted depth 
(1.1 ≤ h/T ≤ 2.5). The effect of channel 
width on squat was investigated in sup-
plementary model tests carried out in a 
channel (height of dredged underwater 
trench hT = 0.5 h, bank slope n = 2). An 
empirical formula, valid for both chan-
nels and canals, was obtained and evalu-
ated by means of full scale squat meas-
urements. 
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 Kijima & Higashi (1995) propose follow-
ing approximate formulae for sinkage 
and trim: 
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 Ankudinov et al. (1996) proposed follow-
ing method for predicting average sink-
age: 

▫ in deep water: 
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▫ in shallow water: 
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▫ hull effect: 
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▫ propeller effect: 
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▫ Froude depth number effect: 
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▫ channel effect: 
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S being the blockage factor (ship sec-
tion / channel area), and Sh = S/(h/T). 

For the trim, following method is proposed: 
▫ in deep water: 
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▫ in shallow water: 
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▫ bulb effect: 
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▫ depth-draft ratio effect and depth-
propeller effect on trim: 
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▫ B/T effect: 
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▫ transom stern effect: 
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BTR being the transom stern breadth; 
▫ non-zero initial trim effect: 

FPAP

FPAPT
in

TT

TT
K

+

−
= 5.0                  (A135) 

A.7 References to Appendix A 

Ankudinov, V.K., Miller, E.R., Jakobsen, B.K., 
and Daggett, L.L., 1990, “Manoeuvring per-
formance of tug/barge assemblies in re-
stricted waterways”, Proceedings MARSIM 
& ICMS 90, Tokyo, Japan, pp. 515-525. 

Ankudinov, V., Daggett, L., Huvall, C., and 
Hewlett, C., 1996, “Squat predictions for 
manoeuvring applications”, Marine Simu-
lation and Ship Manoeuvrability (Proceed-



230 The Manoeuvring Committee 
23rd International 

Towing Tank 
Conference 

 

ings MARSIM’96), Copenhagen, pp. 467-
495, A.A. Balkema, Rotterdam/Brookfield. 

Avital, E., Miloh, T., 1994, “On the deter-
mination of density profiles in stratified 
seas from kinematical patterns of ship-
induced internal waves”, Journal of Ship 
Research, Vol. 38, No. 4, pp. 308-318. 

Barrass, C.B., 1979a, “The phenomena of ship 
squat”, International Shipbuilding Progress, 
No. 26, pp. 44-47, and Terra et Aqua, No. 
18, pp. 16-21. 

Barrass, C.B., 1979b, “A unified approach to 
squat calculations for ships”, PIANC Bulle-
tin, No. 32, pp. 3-10. 

Barrass, C.B., 1981, “Ship squat – A reply”, 
The Naval Architect, pp. 268-272. 

Blok, J.J., Brozius, L.H., and Dekker, J.N., 
1984, “The impact loads of ships colliding 
with fixed structures”, 15th Offshore 
Technology Conference, OTC 4469, pp. 
231-240, Houston, TX, USA. 

Bochove, G., van, and Nederlof, L., 1979, “Be-
haviour of deep-draughted ships in muddy 
areas” (in Dutch), De Ingenieur, Nr. 30/31, 
pp. 525-530. 

Brix, J., 1979, “MTI-Stellungnahme zum 
Thema ‘Aus-dem-Ruder-laufen’ von Schif-
fen. Sog- und Gierbeeinflussungen bei Pas-
siervorgängen”, Hansa, 116. Jahrgang, Nr. 
18, S. 1383-1388. 

Brix, J. (Editor), 1993, “Manoeuvring Techni-
cal Manual”, Seehafen Verlag GmbH, 
Hamburg, Germany. 

Brossard, C., Caillot, M., Granboulan, J., Mi-
gniot, M., Monadier, P., and Roudier, J., 
1990a, “Sécurité de la navigation dans les 
chenaux envasés”, Proceedings 27th Interna-
tional Navigation Congress, PIANC, Osaka, 
Japan, Section II, Subject 1, pp. 23-28. 

Brossard, C., Delouis, A., Galichon, P., Gran-
boulan, J., and Monadier, P., 1990b, “Na-
vigability in channels subject to siltation – 
Physical scale model experiments”, Pro-
ceedings 22nd Coastal Engineering Confe-
rence, Delft, Volume 3, pp. 3088-3103. 
ASCE, New York, NY, USA.  

Ch’ng, P.W., Doctors, L.J., and Renilson, M.R., 
1993, “A method of calculating the ship-
bank interaction forces and moments in re-
stricted water”, International Shipbuilding 
Progress, Vol. 40, No. 412, pp. 7-23. 

Clarke, D., Gedling, P., and Hine, G., 1983, 
“The application of manoeuvring criteria in 
hull design using linear theory”, Transac-
tions RINA, Vol. 125, pp. 45-68. 

Clarke, D., 1997, “The shallow water effect 
on linear derivatives”, Proceedings 
MCMC’97, Brijuni, Croatia, pp. 87-92. 

Clarke, D., and Horn, J.R., 1997, “Estimation of 
hydrodynamic derivatives”, Proceedings 11th 
Ship Control Systems Symposium, South-
ampton, United Kingdom, pp. 275-289. 

Crane, C.L., 1979, “Manoeuvring trials of 
278000 tonne DWT tanker in shallow and 
deep water”, Transactions SNAME, New 
York, NY, USA, Vol. 87. 

Dand, I.W., and Ferguson, A., 1973, “The 
squat of full ships in shallow water”, The 
Naval Architect, No. 4, pp. 237-255. 

Dand, I.W., 1975, “Port approach design – A 
survey of ship behaviour studies”, National 
Ports Council, London, United Kingdom. 

Dand, I.W., 1981, “Some measurements in in-
teraction between ship models passing on 
parallel courses”, NMI R108. 

Eda, H., 1971, “Directional stability and con-
trol of ships in restricted channels”, Trans-
actions SNAME, pp. 71-116. 



 
23rd International 
Towing Tank 
Conference 

Proceedings of the 23rd ITTC – Volume I 231

 

Eryuzlu, N., and Hausser, R., 1978, “Experimen-
tal investigation into some aspects of large 
vessel navigation in restricted waterways”, 
Proceedings of the Symposium of Aspects of 
Navigability of Constraint Waterways Includ-
ing Harbour Entrances, Vol. 2, pp. 1-15. 

Eryuzlu, N., Cao, Y., and d’Agnolo, F., 1994, 
“Underkeel requirements for large vessels 
in shallow waterways”, 28th International 
Navigation Congress, PIANC, Seville, 
Spain, Paper S II-2, pp. 17-25. 

Ferdinande, V., and Vantorre, M., 1991, “The 
behaviour of a mud-water interface underne-
ath a slowly advancing ship at small keel 
clearance”, International Symposium on 
Hydro- and Aerodynamics in Marine Engi-
neering (HADMAR ’91), Varna, Bulgaria, 
Proceedings, Volume 1, Paper No. 4, 10 pp. 

Fontijn, H.L., 1987, “On the prediction of fender 
forces at berthing structures”. Part I: “Calcula-
tion method(s)”, Part II: “Shipberthing related 
to fender structure”, Proceedings of the 
NATO Advanced Study Institute on advances 
in berthing and mooring of ships and offshore 
structures (Ed. Bratteland, E.), Trondheim, 
pp. 62-94, 95-166. Kluwer Academic Pub-
lishers, Dordrecht, The Netherlands. 

Fontijn, H.L., 1988, “Fender forces in ship 
be,rthing”, Report No. 88-2, Communications 
of Hydraulic and Geotechnical Engineering, 
Delft University of Technology, Delft, The 
Netherlands. 

Fuehrer, M., and Römisch, K., 1974, “Effects 
of modern ship traffic inland and ocean-
waterways and their structures”, 24th 
International Navigation Congress, PIANC, 
Leningrad, Soviet Union, pp. 236-244. 

Fujino, M., 1968, “Experimental studies on 
ship manoeuvrability in restricted waters − 
Part I”, International Shipbuilding Progress, 
Vol. 15, No. 168, pp. 279-301. 

Gronarz, A., 1999, “Application of Hydrody-
namic Coefficients to Manoeuvring Simula-
tion on Variable Water Depth”, Proceedings 
HYDRONAV’99 – MANOEUVRING ’99, 
Gdánsk-Ostróda, Poland, pp. 328-337. 

Hirano, M., Takashina, J., Moriya, S., and Naka-
mura, Y., 1985, “An experimental study on 
manoeuvring hydrodynamic forces in shallow 
water”, TWSNA, Vol. 69, pp. 101-110. 

Hooft, J.P., 1974, “The behaviour of a ship in 
head waves at restricted water depth”, In-
ternational Shipbuilding Progress, No. 244, 
Vol. 21, pp. 367. 

Huuska, O., 1976, “On the evaluation of un-
derkeel clearances in Finnish waterways”, 
Helsinki University of Technology, Ship 
Hydrodynamics Laboratory, Otaniemi, 
Finland, Report No. 9. 

ICORELS (International Commission for the 
Reception of Large Ships), 1980, “Report 
of Working Group IV”, PIANC Bulletin, 
No. 35, Supplement. 

Inoue, S., Hirano, M., and Kijima, K., 1981, 
“Hydrodynamic derivatives on ship ma-
noeuvring”, International Shipbuilding 
Progress, Vol. 28, No. 321. 

ITTC, 1981, “Report of the Manoeuvrability 
Committee”, 16th International Towing 
Tank Conference, Proceedings, Volume 1, 
pp. 249-298, Leningrad, Soviet Union. 

Jiang, T., Schellin, T.E., and Sharma, S.D., 
1987, “Maneuvering simulation of a tanker 
moored in a steady current including hydro-
dynamic memory effects and stability analy-
sis”, International Conference on Ship Ma-
noeuvrability - Prediction and Achievement, 
Volume II. The Royal Institution of Naval 
Architects, London, United Kingdom. 

Kaplan, P., and Sankaranarayanan, K., 1987, “Hy-
drodynamic interaction of ships in shallow 



232 The Manoeuvring Committee 
23rd International 

Towing Tank 
Conference 

 

channels, including effects of asymmetry”, In-
ternational Conference on Ship Manoeuvrabil-
ity, London, United Kingdom, Paper No. 21. 

Kerckaert, P., Vandenbossche, D., Malherbe, B., 
Druyts, M., and Van Craenenbroeck, K., 
1988, “Maintenance dredging at the port of 
Zeebrugge: Procedures to achieve an opera-
tional determination of the nautical bottom”, 
Proceedings 9th KVIV International Harbour 
Congress, Antwerp, Belgium, pp. 4.13-32. 

Kijima, K., 1987, “Manoeuvrability of ships 
in confined water”, International Confer-
ence on Ship Manoeuvrability, London, 
United Kingdom, Paper No. 20. 

Kijima, K., Nakiri, Y., Tsutsui, Y., and Matsu-
naga, M., 1990, “Prediction method of ship 
manoeuvrability in deep and shallow wa-
ters”, MARSIM & ICSM 90, Tokyo, Japan, 
pp. 311-318. 

Kijima, K., and Higashi, E., 1995, “The simple 
prediction method for squat”, Workshop on 
Ship Squat, SNAME, Washington DC, USA.  

Kobayashi, E., 1995, “The development of 
practical simulation system to evaluate ship 
maneuverability in shallow water”, Pro-
ceedings, PRADS’95, pp. 1.712-1.723. 

Li, D.-Q., Leer-Andersen, M., Ottoson, P., and 
Trägårdh, P., 2001, “Experimental investiga-
tion of bank effects under extreme conditions”, 
PRADS 2001 – Practical Design of Ships and 
Other Floating Structures, Shanghai, China.  

Li, M., and Wu, X., 1990, “Simulation calcula-
tion and comprehensive assessment on ship 
maneuverabilities in wind, wave, current 
and shallow water”, Proceedings of 
MARSIM & ICSM ’90, Tokyo, Japan, pp. 
403-411, 459-465. 

Middendorp, P., 1981, “Fender forces from 
berthing ships”, The Dock and Harbour 
Authority, pp. 160-162. 

Millward, A., 1989, “The effect of water depth 
on hull form factor”, International Ship-
building Progress, Vol. 36, No. 407, pp. 
283-302. 

Millward, A., 1990, “A preliminary design 
method for the prediction of squat in shal-
low water”, Marine Technology, Vol. 27, 
No. 1, pp. 10-19. 

Millward, A., 1992, “A comparison of the theo-
retical and empirical prediction of squat in 
shallow water”, International Shipbuilding 
Progress, Vol. 39, No. 417, pp. 69-78. 

Miloh, T., 1995, “Ship motion in non-
homogeneous media”, Ship Technology 
Research, Vol. 42, pp. 140-156. 

Müller, E., 1967, “Untersuchungen über die 
gegenseitige Kursbeeinflussung von Schif-
fen auf Binnenwasserstrassen”, Schiff und 
Hafen, 19/6. 

Newton, R.N., 1960, “Some notes on interaction 
effects between ships close aboard in deep 
water”, 1st Symposium on Naval Maneuver-
ability, Washington, DC, USA, pp. 1-24. 

Norrbin, N., 1974, “Bank effects on a ship 
moving through a short dredged channel”, 
10th ONR Symposium on Naval Hydrody-
namics, Cambridge, MA, USA. 

Norrbin, N., 1985, “Bank clearance and optimal 
section shape for ship canals”, 26th PIANC 
International Navigation Congress, Brussels, 
Belgium, Section 1, Subject 1, pp. 167-178. 

Oortmerssen, G. van, 1974, “The berthing of a 
large tanker to a jetty”, 6th Offshore Tech-
nology Conference, Paper No. OTC 2100, 
pp. 665-676. Houston, TX, USA. 

Oortmerssen, G. van, 1976, “The motions of a 
moored ship in waves”, Netherlands Ship 
Model Basin, Publication No. 510, 
Wageningen, The Netherlands. 



 
23rd International 
Towing Tank 
Conference 

Proceedings of the 23rd ITTC – Volume I 233

 

Oortmerssen, G. van, Pinkster, J., and Boom, 
H. van den, 1986, “Computer simulation of 
moored ship behaviour”, Journal of Wa-
terway, Port, Coastal and Ocean Engineer-
ing, Vol. 112, No. 2, pp. 296-308. 

Petersen, J.B., 1999, “ISESO System Design 
Specification: Continuously varying 
draught under keel”. 

Petersen, M.J., and Pedersen, P.T., 1981, “Colli-
sions between ships and offshore platforms”, 
13th Offshore Technology Conference, OTC 
4134, pp. 163-171, Houston, TX, USA. 

Petersen, M.J., 1982, “Dynamics of ship colli-
sions”, Ocean Engineering, Vol. 9, No. 4, 
pp. 295-330. 

PIANC, 1992, “Capability of ship manoeu-
vring simulation models for approach 
channels and fairways in harbours”, Report 
of Working Group no. 20 of Permanent 
Technical Committee II, Supplement to 
PIANC Bulletin No. 77, 49 pp. 

PIANC/IAPH, 1997, “Approach channels – A 
guide for design”, Final report of the joint 
Working Group PIANC and IAPH, in co-
operation with IMPA and IALA, Supple-
ment to PIANC Bulletin No. 95. 

Remery, G.F.M., 1974, “Mooring forces in-
duced by passing ships”, 6th Offshore 
Technology Conference, Paper OTC 2066, 
pp. 349-363, Houston, TX, USA. 

Römisch, K., 1989, “Recommendations for di-
mensioning of harbour entrances” (in Ger-
man), Wasserbauliche Mitteilungen der Tech-
nischen Universität Dresden, Heft 1, pp. 39-63. 

Sadakane, H., Toda, Y., and Lee, Y.S, 2001, 
“The Simplified Formulas to Predict the 
Coefficient of Added Mass and Yaw 
Added Moment of Inertia of Ship in Shal-
low Water”, Journal of Japan Institute of 
Navigation, Vol.105, pp.11-20. 

Schmiechen, M., 1973, “On state space models 
and their application to hydromechanic sys-
tems”, NAUT Report 5002, University of 
Tokyo, Dept. NA, Tokyo, Japan. 

Schmiechen, M., 1974 “Zur Kollisionsdynamik 
von Schiffen”, Jahrbuch der Schiffbautechni-
schen Gesellschaft, Band 68, S. 357-372. 

 Sellmeijer, R., and van Oortmerssen, G., 1983, 
“The effect of mud on tanker manoeuvres”, 
Spring Meetings, The Royal Institution of 
Naval Architects, Paper No. 7, 16 pp. 

Sheng, Z.Y., 1981, “Contribution to the discussion 
of the Manoeuvrability Committee report”, 
16th International Towing Tank Conference, 
Proceedings, Leningrad, Soviet Union. 

Soukhomel, G., and Zass, V., 1958, “Abaisse-
ment du navire en marche”, Navires, Ports 
et Chantiers, January 1958, pp. 18-23. 

Tuck, E.O., 1966, “Shallow water flow past 
slender bodies”, Journal of Fluid Mechan-
ics, Vol. 26, Part 1. 

Tuck, E.O., 1967, “Sinkage and trim in shallow 
water of finite width”, Schiffstechnik, Vol. 
14, pp. 91-94. 

Tuck, E.O., and Taylor, P.J., 1970, “Shallow water 
problems in ship hydrodynamics”, Proceedings 
8th ONR Symposium on Naval Hydrodynam-
ics, Pasadena, CA, USA, pp. 627-659. 

Tuck, E.O., and Newman, J.N., 1974, “Hydrody-
namic interactions between ships”, 10th 
Symposium on Naval Hydrodynamics, Cam-
bridge, MA, USA, pp. 35-70. 

Tuck, E.O., 1995, “Squat: an overview”, Work-
shop on Ship Squat in Restricted Waters, 
SNAME, Panel H10, Washington, DC, USA.  

Tulin, M.P., Wang, P., Yao, Y., 1993, “Nu-
merical prediction of ship generated inter-
nal waves in a stratified ocean at super-



234 The Manoeuvring Committee 
23rd International 

Towing Tank 
Conference 

 

critical Froude numbers”. Proceedings of 
6th International Conference on Numerical 
Ship Hydrodynamics, Iowa City, IA, USA. 

Vantorre, M., and Coen, I., 1988, “On sinkage and 
trim of vessels navigating above a mud layer”, 
Proceedings 9th KVIV Harbour Congress, pp. 
4.149-161, KVIV, Antwerp, Belgium. 

Van Craenenbroeck K., Vantorre M., and De 
Wolf P., 1991, “Navigation in muddy ar-
eas: Establishing the navigable depth in the 
port of Zeebrugge”, Proceedings of the 
CEDA-PIANC Conference, Accessible 
Harbours, Amsterdam, The Netherlands. 

Vantorre, M., 1991, “Ship behaviour and control 
at low speed in layered fluids”, Proceedings 
International Symposium on Hydro- and 
Aero-dynamics in Marine Engineering 
(HADMAR), BSHC, Varna, Bulgaria. 

Vantorre, M., 1992, “On the implementation of 
non-stationary forces in the mathematical 
model of a ship manoeuvring simulator”, 
Design of Marine and Offshore Structures, 
Ed.: Murthy, T., Aláez, J. Computational 
Mechanics Publications, Southampton. 

Vantorre, M., 1994, “Ship behaviour and control in 
muddy areas: State of the art”, Manoeuvring 
and Control of Marine Craft (MCMC’94), 
Southampton, United Kingdom. 

Vantorre, M., 1995, “The effect of bank ge-
ometry on the simulation of ship manoeu-
vring in restricted water”, Mini Symposium 
on Ship Manoeuvrability, Fukuoka, Japan. 

Vantorre, M., Laforce, E., 1998, “Experimental 
investigation of hydrodynamic forces acting 
on a ship in the vicinity of a quay wall”, Sym-
posium of forces acting on a manoeuvring 
vessel (MAN98), Val de Reuil, France. 

Vantorre, M., 2001a, “Manoeuvring coeffi-
cients for a container carrier in shallow wa-

ter: an evaluation of semi-empirical formu-
lae”, Mini Symposium on Prediction of 
Ship Manoeuvring Performance (Editor: 
Kijima, K.), Tokyo, Japan, pp. 71-81 

Vantorre, M., 2001b, “Nautical bottom approach – 
Application to the access to the harbour of 
Zeebrugge”. HANSA – Schiffahrt – Schiffbau 
– Hafen, 138. Jahrgang, Nr. 6, S. 93-97. 

Vantorre, M., Laforce, E., and Verzhbitskaya, E., 
2001, “Model test based formulations of ship-
ship interaction forces for simulation pur-
poses”, IMSF – 28th Annual General Meeting, 
Genova, Italy. 
http://www.imsf.org/agm2001.htm. 

Varyani, K., McGregor, R., and Wold, P., 
1999, “Empirical formulae to predict peak 
of forces and moments during interac-
tions”, Hydronav’99 – Manoeuvring’99, 
Gdansk-Ostróda, Poland, pp. 338-349. 

Wens, F., De Wolf, P., Vantorre, M., and De 
Meyer, C., 1990, “A hydro-meteo system 
for monitoring shipping traffic in narrow 
channels in relation with the problem of the 
nautical bottom in muddy areas”, 27th In-
ternational Navigation Congress, Section II, 
Subject 1, pp. 5-16. PIANC, Osaka, Japan. 

Wu, G.X., 1993, “The representation of a body 
advancing in a stratified fluid by singularity 
distribution”, International Shipbuilding 
Progress, Vol. 40, No. 422, pp. 127-135. 

Yasukawa, H., 1998, “Computation of effec-
tive rudder forces of a ship in shallow wa-
ter”, Symposium of forces acting on a man-
oeuvring vessel (MAN98), Val de Reuil, 
pp. 125-133. 

Zilman, G., Miloh, T., and Kagan, L., 1994, 
“Hydrodynamics of a body moving over a 
mud layer”, Proceedings of the 20th Sym-
posium on Naval Hydrodynamics, Santa 
Barbara, CA, USA. 


