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ABSTRACT: This article presents a dedicated kinematic method of determining a safe fairway bend width with
a specific turn angle and arc radius as the function of ship parameters and prevailing navigational conditions
on the fairway. The assumed approach takes into consideration monoeuvring and navigational components of
the safe fairway bend width. The method is based on an analysis of the results of numerical tests conducted on
a model representing all physically possible movements of ship's centre of gravity in the bend. The developed
method was initially verified on the Inskie bend, part of the Swinoujscie-Szczecin fairway.

1 INTRODUCTION

The dimensioning of bends in existing fairways for
preset turn angles and arc radiuses comes down to
the determination of their safe widths. Such problems
are usually solved when the existing waterways are to
be modernized to allow navigation by ships with
larger parameters. This means the conditions of safe
ship operation in a specific waterway are to be
changed. Although in such situations the existing
infrastructure of the area restricts the possibility of
changing turn angles and radiuses of bend arcs, the
problem can be solved using simulation or empirical
methods.

Simulation methods in which the simulation
experiment is conducted on full mission bridge
simulators (FMBS) following specific research
procedures [Gucma S. et al. 2015] enable the
determination of bend widths with high accuracy.
However, these  methods are relatively cost-
intensive due to the need to carry out many (reliable
sample size) simulated passages in real time, executed

by properly qualified fairway pilots [Gucma S. et al.
2008].

Empirical methods of determining safe bend
widths are much less costly approximate methods. An
analysis has been made to examine the accuracy of
safe widths of five bends on the Swinoujscie-Szczecin
fairway, determined by using these methods:

- PIANC [PIANC 2014]

— Spanish [Puertos del Estado 2007]

— Japanese [Japan Institute of Navigation 2003]
— USACE [USACE 2006, USACE 2008]

— Canadian [Canadian Coast Guard 1999]

— Polish INM [Gucma S. 2001]

— Polish MTEC [Gucma S. et al. 2015]

The analysis has shown a relatively low accuracy
of determining safe fairway widths depending on the
parameters of the bend and of the manoeuvring ship
[Gucma S. et al. 2017].

In empirical methods such as MTEC (Marine
Traffic Engineering Center) and INM (Institute of
Marine Navigation) the width of a safe manoeuvring
area in bends has two components: manoeuvring and
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navigational. These components depend on the
parameters of the bend and the ship manoeuvring
therein, while they do not depend on the fairway
coordinates of the bend. For a specific bend and ship,
the components assume constant values, while the
manoeuvring component is an  empirically
determined quantity, and the navigational component
is probabilistic (ship positioning error in the bend).

As the simulation method is costly, and empirical
methods are not accurate in the determination of safe
bend widths for modernization or changed ship
operational conditions, a kinematic method for the
determination of the manoeuvring component of safe
fairway bend widths with a known turn angle and
bend arc radius has been developed. The method is
based on an analysis of the results of numerical tests
conducted on a model representing all physically
possible movements of ship's centre of gravity in the
bend. The model is analytical, solved by numerical
procedures [Dzwonkowski J. 2018; Dzwonkowski J.,
Przywarty M. 2017].

The dimensioning of bends in existing fairways for
preset turn angles and arc radiuses comes down to
the determination of their manoeuvring areas. The
safe manoeuvring area in the bend must meet the
basic condition of navigation:

dik l-a) = Dt' (Z)

hxy (t) = Tk + Aik(l—a)

N\
P(x,y)€D; (1)

where

dixg-o—safe area in i-th bend for k-th ship performing
a simulated manoeuvre specified at the level of
confidence 1-¢;

Di(t) — navigable area of i-th bend (the condition of
safe depth at instant ¢ is satisfied);

hyy(t) — water depth at point (x, y) at instant t;
Tk—maximum draft of k-th ship;

Aika-ay — underkeel clearance in the i-th bend
determined for k-th ship at the level of confidence 1-
Q.

In pilot navigation, ship's position in the bend is
determined in the path coordinates [Gucma S. et al.
2015]. In the kinematic method of determining safe
bend widths the following fairway coordinate system
is adopted:

— the x axis corresponds to the adopted centre line of
the fairway;

— the y axis is perpendicular to the tangent of the
fairway centre line at a given point. The adopted
direction of y-axis outward is (+) and inward is
-)-

Further in the article the the width of the safe
manoeuvring area of the bend at j-th point of the
fairway centre line at a specific confidence level will
be denoted as da-(j).

In the fairway bend for one-way traffic the width
of a safe area at the confidence level (1-a) is
determined by relation:

A1y (/)= doi-a) (J)+ 2d,,_,
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where

dg-)(j) — safe width for j-th point of the bend at the
confidence level (1-a);

dm@-w(j) — manoeuvring component of safe width for
j-th point of the bend at the confidence level (1-a);
dni-w — navigational component of safe width of a
given bend at the confidence level (1-a).

The manoeuvring component of the safe
manoeuvring area width is calculated using a
specially developed kinematic method of determining
the manoeuvring component of safe bend widths.

In the developed method, the manoeuvring
component of safe bend width is divided into a safe
width of the manoeuvring area of ship's centre of
gravity in the bend and an additional margin for ship
parameters and drift angle:

i) ()= ) (j)+Ad. +Ad,

where

dms(-)(j) — width of the manoeuvring area of ship's
centre of gravity at j-th point of the bend at the level
of confidence (1-a);

Ad: - additional margin of the manoeuvring
component of the bend width taking into account
ship's parameters (Lc, B) and its drift angle on the
external part of the bend;

Adw - additional margin of the manoeuvring
component of the bend width taking into account the
ship's parameters and its drift angle on the internal
part of the bend.

The safe width of the manoeuvring area of ship's
centre of gravity in the bend is determined using the
kinematic method presented in this article.

The additional margin of the manoeuvring
component can be determined by either of the two
methods:

— the drift angle method

L . B
Ad-=—=%-sIna + — - coso
2 2

B
Adw= -
2

— empirical method [Puertos Del Estado 2007]

K*-I?
2R

Adz =

B
Adw: -
2

where

B - breadth of the ship;

o — drift angle;

R —radius of ship movement in the bend;

K - coefficient dependent on the depth h to draft T
ratio (for h/T<1.2 K=1/2; for h/T>1.5 K = 2/3).



The navigational component of safe bend width is
the directional error of the bow or stern position
(point farther from the observer on the bridge)
determined at a specified confidence level. It is the
directional error perpendicular to the centre line of
the fairway, equal to:

2
2 MyR(1-o) Ly,

dn(l-ot)= pyD(l—oc) = p}’(l_m) + 57 30

where

D1 directional error of ship's bow at the
conﬁdence level (1-a) [m];
Do) = directional error of ship's position
determination (observer's position) at the confidence
level (1- a) [m];
Mp(1—o heading determination error in a bend at
the confldence level (1-a) [°].

For large ships (L. 2150 m) with the superstructure
aft it is assumed [Gucma S. et al. 2015] that:

mKR(O.95) =4D° : i 1
m =+2° (Pilot Navigation System)
KR(095) = 44°  (other position determination
systems)
- LD=0.75 Lc
For wvarious methods of ship position

determination, types of fairway (inner or outer) and
the aids to navigation (marked fairway or not, types
of seamarks), directional errors of the bow/stern
position p D(i—c) aTe determined using dedicated
algorithms f ucma S. etal. 2017].

2 THE KINEMATIC METHOD OF DETERMINING
THE MANOEUVRING COMPONENT OF
FAIRWAY SAFE BEND WIDTHS.

The kinematic method for determining the
manoeuvring component of safe areas in a fairway
bend makes use of a ship movement model, whose
concept requires that multiple simulations are made
of the ship's centre of gravity passage through the
bend, divided Ilongitudinally into sectors and
transversely into segments. The model represents the
entire physically possible ship movement in the bend.
Paths of ship's centre of gravity consist of,
numerically calculated in each sector, circle arcs or
sections that are further regarded as separate
manoeuvring events (Fig. 1). Thus created sets of
manoeuvring events are subject to further analysis,
searching for the distribution of movement density
and the tolerance of rudder settings applied
[Dzwonkowski J. 2018].

-
sjuewbhos

Figure 1. Paths of ship's centre of gravity in the kinematic
model of ship movement.

The method requires the introduction of the

following assumptions and definitions:

1 The research is retrospective and starts from the
position, in which the ship's centre of gravity
completes negotiating the bend, which in the
analysis of the paths facilitates the achievement of
the goal.

2 The movement model in the method refers to the
centre of gravity, which results in the following :

— width of ship's swept path differs from the
width of the path followed by the centre of
gravity by an additional value depending on
drift and ship's length and breadth,

— rate of turn (ROT) of the centre of gravity is the
angular speed of movement along an arc of
circle radius r.

3 Internal and external boundaries of the fairway are
defined in the model by arcs of concentric circles.
The fairway boundary line may in reality have
another shape, but it has to lie outside the arcs.
The problem considered herein refers to a part of
the fairway, a single bend (turn), whose
boundaries can be defined by arcs of two
concentric circles.

4 For sets of events to describe the entire physically
possible movement and the movement model to be
similar to reality, the arcs along which the ship's
centre of gravity moves have to result from the
maximum rudder settings the captain or pilot use.
In addition, the ship will not turn in the direction
opposite to the one followed, therefore the centre
of gravity ROTO = 0. Besides, for the movement in
the bend to be considered as safe, the maximum
rudder angle has to enable the same change in the
position of the centre of gravity from the axis
towards the external and internal boundaries.
Hence, ROT2 is twice greater than ROT1.

5 The other requirement for a set of manoeuvring
events to describe the whole physically possible
movement is to determine the magnitude of the
sector so that it corresponds to a minimum time of
making decisions concerning rudder settings [PRS
2013]. The time was defined as 10 seconds, which
corresponds to classification society requirements
for the rudder to move from 'midships' to the
recommended [PIANC 2015] maximum value of
rudder angle in a bend, i.e. 20°. The reduction of
sector length is restricted by the assumed time of
numerical computing, because the number of arcs
in a sector increases at least 2.5 times, so that in
sector 13, for instance, 100,000 arcs have to be
calculated.

The input data for the movement model are: the
position and the course over ground at the end of the
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bend, outside and inside fairway boundaries, sector
and segment sizes, longitudinal speed and ROT.

The outcome of calculations using the kinematic
model are different sets of arcs (manoeuvring events)
in each sector. The proposed method for determining
a safe manoeuvring area for the tested ship in the
bend of known arc radius uses the following sets (Fig.
2):

— successful manoeuvring events (SME), i.e. those
that do not go outside the fairway,
— non-rectilinear manoeuvring events, i.e. all those,

whose ROT is different from 0.

Figure 2. Distributions of manoeuvring events in a sector.

Along the external part of the bend where the
ship's centre of gravity can move 95% of the field
under the curve of SME distribution defines the
external boundary of the safe manoeuvring area of the
ship's gravity centre at the confidence level (1-a) =
0.95.

Along the internal part of the bend that the ship's
centre of gravity can move the boundary of the safe
manoeuvring area is determined by the ratio of non-
rectilinear events to SME in each segment. The
segment in which the ship's centre of gravity moves
non-rectilinearly at 95% probability makes up an
internal border of the safe manoeuvring area of the
ship's centre of gravity, determined at the confidence
level (1-at) = 0.95.

The safe manoeuvring area of the ship's centre of
gravity in a bend at the level of confidence (1-c)=0.95
is determined by conducting numerical research and
an analysis of the results for four cases, i.e. for both
directions of passing through the bend and for two
positions of the end of the turn. These positions are
defined by the boundaries of the manoeuvring areas
of adjacent straight sections of the fairway determined
at the confidence level (1-a)=0.95.

The safe manoeuvring area of ship's centre of
gravity in the bend is determined by summing up
four component manoeuvring areas of the ship's
centre of gravity calculated at the level of confidence

(1-a0) = 0.95 (Fig. 3):
dms(l—a) =d pr(1-a) d pw(l-a) dlz(l—a) ' dlw(l—a)
where
e(1-a) - manoeuvring area of the gravity centre of a

Shlp proceeding in the bend 'to the right', completing
the manoeuvre at a point of external boundary (Z1) of
the adjacent manoeuvring area of a straight fairway
section, (1-a)=0.95;

(1-a) — manoeuvring area of the gravity centre of a
sh1p proceedmg in the bend 'to the right', completing
the manoeuvre at a point of internal boundary (W1)
of the adjacent manoeuvring area of a straight fairway
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section, (1-a) =0.95;

(l_g) — Manoeuvring area of the gravity centre of a
ship proceeding in the bend 'to the left, completing
the manoeuvre at a point of external boundary (Z2) of
the adjacent manoeuvring area of a straight fairway
section, (1-a) = 0.95;

m(l_g) — Manoeuvring area of the gravity centre of a
ship proceeding in the bend 'to the left, completing
the manoeuvre at a point of internal boundary (W2)
of the adjacent manoeuvring area of a straight fairway
section, (1-a) = 0.95;

Figure 3. The diagram of manoeuvring areas of the gravity
centre of a ship proceeding in the bend to the right
dpza-0 and dpwa-o.

Taking into account the movement of a specific
ship along the external and internal boundaries of the
bend, the component manoeuvring areas allow to
determine a safe manoeuvring area of the ship's
center of gravity within this bend at the assumed
confidence level (1-a) = 0.95 (Fig. 4).

With additional margins of the manoeuvring
component of the bend width for ship parameters and
drift (Ad: and Adw), we determine the safe
manoeuvring area of the bend, and after summing up
the navigational components we obtain the
safe area of the bend for the examined ship. On
this basis we can determine the safe width at j-
th point of the bend at an appropriate
level of confidence dg-(j). It should be noted at this
point that the determination of a safe area of the
bend by the kinematic method is done at the
confidence level 1-a
0.95 for a maximum ship expected to sail through
the given fairway.

The allowable wind speed expected in the
conditions of safe fairway operation is accounted for
by choosing a specific drift angle while defining
margins Ad: and Adw.



Figure 4. A safe manoeuvring area of ship's centre of gravity
in the bend.

3 SHIP RATE OF TURN IN FAIRWAY BENDS.

The rate of turn, i.e. angular speed at which ships
negotiate fairway bends depends primarily on the
parameters of the bend, although other factors come
into play:

— ship size and manoeuvring characteristics,

— rudder angle,

— initial longitudinal speed of the ship,

— external conditions (wind, waves, current).

The presented method allows the determination of
the ROT in the fairway bend for ships of different
sizes and for different input parameters. To simplify
the method and extend its universality it was
assumed that ship's ROT in the bend depends on ship
length and block coefficient of the hull. Additionally,
the impact of initial longitudinal speed and rudder
angle were taken into account. The reduction of ROT
due to shallow water was regarded as negligibly
small and was not taken into account [Nowicki A.
1999]. Due to the variability of external conditions
(wind, waves, current) it was decided not to take
them into account in the determination of ship's ROT
in the bend. The ship's ROT can be calculated using
the following relationship:

ROT =ROT,,,, + AROT,,, + AROT,

where
ROT- ship's ROT in fairway bend;
ROTnov — nominal ROT determined from

manoeuvring data;

AROTsoc— change in ROT due to other than nominal
initial longitudinal speed of the ship;

AROTs — change in ROT due to the change in rudder
angle.

The impact of selected factors on ship's ROT in the
bend was defined upon detailed review of some
publications [Eloot K. et al. 2018; Fossen T. 2011;
Nowicki A. 1999] and gathered manoeuvring data
from ships of various types and sizes. First, the
relationship was determined between the ship size
(length) and ROT read out from available
manoeuvring data for a 90 degree turn (Fig. 5). To
assess the dependence between chosen factors
polynomial regression was used. The analysis was
made for ships with various sizes, different loading
state and for longitudinal speeds corresponding to

full speed ahead, at maximum rudder angle (35°-45°).
The ships were divided into two groups by block
coefficient criterion: large (Cb20.75) and small
(Cb<0.75). Nominal ROT values for ships of various
sizes and block coefficients were determined through
an analysis of the gathered data (Table 1).
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£ 80 &
3 60 ‘-..;7‘.
= 40 $ g.4.*
=
o 20 °
[= =
0
0 100 200 300 400
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0
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Ship's length [m]

Figure 5. ROT of ships of different lengths and block
coefficients.

Table 1. Nominal ROT in fairway bends

ship length ROT~om [deg/min]
[m] Cb>0.75 Cb<0.75
60 101.362 108.722
80 91.626 103.846
100 82.61 99.05
120 74.314 94.334
140 66.738 89.698
160 59.882 85.142
180 53.746 80.666
200 48.33 76.27
220 43.634 71.954
240 39.658 67.718
260 36.402 63.562
280 33.866 59.486
300 32.05 55.49

A ROT change that results from other speed than
the nominal initial longitudinal speed of the ship was
calculated from gathered manoeuvring data and
literature review [Przywarty M. et al. 2013]. It was
found that no significant differences exist for ships
with large and small block coefficients, so the analysis
was combined for both ship groups (Fig. 6).
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Figure 6. Change in ROT due to a change in ship's initial
longitudinal speed.

Based on an analysis of the results it was assumed
that the percentage change of ROT is equal to the
percentage change of initial longitudinal speed. It can
therefore be calculated by wusing the following
relationship:

SOG-SO0G,,,,
SOG,,

AROT, ={ }ROTNOM

where

AROTsoc— change in ROT due to speed other than the
initial longitudinal speed adopted for the
determination of ROTnow;

SOG - initial longitudinal speed of the ship;

SOGnom — initial longitudinal speed adopted for the
determination of ROTnowm;

ROTnom — nominal ROT.

The additional decrease in ROT due to less than
the maximum rudder angle can be calculated thus:

AROT, = —k(ROT,,,, + AROT,)

The values of the coefficient k determined on the
basis of literature review [Fossen T. 2011], [Nowicki
A. 1999] are presented in Table 2.

Table 2. Value of the coefficient k for different rudder
angles.

Rudder angle [deg] k
>=35 0
30 0.09
25 0.24
20 0.29
15 0.39
10 0.5
5 0.57

4 THE DETERMINATION OF SAFE WIDTHS IN
THE INSKIE BEND OF THE SWINOUJSCIE-
SZCZECIN FAIRWAY USING THE KINEMATIC
METHOD

The research covered the Inskie bend, part of the
fairway linking the ports of Szczecin and Swinoujscie
(561.8 km to 52.9 km). Safe manoeuvring areas of that
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bend were determined for a bulk carrier having these
parameters:

— displacement 47.000 t;

— Lc=195m,B=29.0m; T=11.0 m;

lateral windage 1200 m2;

power of main engine 8,500 kW.

The bulk carrier was adopted as a 'maximum ship'
to sail through the Swinoujécie-Szczecin fairway after
its upgrade, for which simulation tests were carried
out [Analiza...2015; Gucma S. 2016]. The test results
served for the verification of the kinematic method of
the determination of safe bend widths. The algorithm
of the kinematic method requires that the following
input data are defined and assumed:

1 Determination of a preliminary width of the bend

'the MTEC method. Preliminary bend width
095 calculated at the confidence level 0.95
accounts for the manoeuvring and navigational
components. The width defines preliminary
boundaries of the bend used in the kinematic
method.

2 Determination of the width of safe manoeu
vring areas in straight
fairway sections adjacent to the examined bend
at the confidence level (1-a)=0.95. These
widths are also defined using the MTEC method.
The widths define external points (Z1 and Z2) and
internal points (W1 and W2) in which the centre of
gravity completes the movement along the bend in
both directions.

3 Segments 3 meters wide are adopted (accuracy of
the PNS system).

4 Determination of the sector magnitude that
depends on the time of changing the rudder and
longitudinal speed settings of the ship, which are
as follows:

— 4 m/s - half ahead setting of the main engine,

— 3 m/s - slow ahead setting of the main engine,

5 Adopted maximum number of manoeuvring
events was equal to 100,000, ensuring a sufficient
accuracy of the results.

6 Adoption of maximum rate of turn ROT2, reached
by the ship’s centre of gravity in the bend:

— for the bend exit position of the ship at the
internal boundary, ROT2 results from the
rudder angle 20°,

— for the bend exit position of the ship at the
external boundary, ROT2 results from the
rudder angle 35°.

The developed kinematic method was used to
determine safe widths (safe area) of the Iniskie bend,
in the currently modernized Swinoujscie — Szczecin
fairway, for a bulk carrier Lc = 195m, B = 29.0m, T =
11.0m (Fig. 7). The figure also depicts safe widths in
the Inskie bend determined by the computer
simulation method and the deterministic-probabilistic
MTEC method [Analiza ... 2015].

The following conclusions can be drawn from the
results:

1 Safe widths of the bend determined by a simulated
experiment conducted on a Konsberg-made full-
mission bridge simulator at the Maritime
University of Szczecin, with a participation of
highly qualified pilots, who executed a reliable
number of bend passages, can be regarded as
model ones due to their high accuracy.



2 The kinematic method, like the simulation method,
estimates the safe bend width as a function of the
turn angle. The MTEC method determines a safe
bend width as a constant quantity.

3 The kinematic method overestimates safe bend
width by roughly 30% compared to the simulation
method, which is related to the human factor
involved in the simulation method.

4 The kinematic method is more accurate than the
MTEC method by approximately 40%.

Figure7. Safe width of the Inskie bend, 5winoujs'cie-
Szczecin fairway, determined by the kinematic, simulation
and deterministic-probabilistic MTEC methods.

5 CONCLUSIONS

The article presents a kinematic method of
determining safe width of fairway bends. The method
enables  determination of the manoeuvring
component of the safe bend width based on multiple
simulations of the passage of ship's centre of gravity
through the bend, which represents the whole
physically possible movement of ships within this
fairway section.

Using the developed kinematic method, the
authors have determined safe widths of the Inskie
bend in the Swinoujscie-Szczecin fairway, undergoing
modernization at present, for a specific bulk carrier
having Lc =195 m, B =290 m, T = 11.0 m. The results
have been compared to the safe bend widths obtained
by two alternative methods: simulation and
deterministic-probabilistic  MTEC method. The
analysis of the results indicates that:

1 The kinematic method, like the simulation method,
estimates the safe bend width as a function of the
turn angle. The MTEC method determines a safe
bend width a constant quantity.

2 The kinematic method is more accurate than the
deterministic-probabilistic MTEC method.

3 The kinematic method overestimates safe bend
width by roughly 30% compared to the simulation
method, which is related to the human factor
involved in the simulation method.

4 The costs of the kinematic method are much lower
than those of the simulation method and
comparable to the MTEC method.

Given the moderate costs and high accuracy of the
kinematic method it should be recommended for use

in the preliminary design of marine traffic
engineering systems.
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