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Abstract: Construction work or other maintenance and repair activities in navigational channels
are crucial to ensure and improve ships’ movement on the selected routes. However, during the
performance of these works, the ships’ navigation along the construction area becomes more difficult
due to the decreased parameters of passages for vessels and the operation of specific equipment on
the route, e.g., dredgers and floating cranes. During construction work in navigational channels, it is
impossible to stop navigation or limit ships’ parameters because there may not be other possibilities
for vessels to reach their planned ports or other dedicated areas. The prior determination of ships’
sailing conditions and restrictions is essential to ensure maritime safety in such areas. The aim of
this study is to develop a methodology that allows the precise determination of minimum passage
parameters for the navigation of ships sailing through the areas in navigational channels where
construction or development works are being carried out. The theoretical basis for the minimum
passage parameter calculation is presented. The methodology for assessing the conditions and
restrictions of navigation during construction work is proposed. The minimum width of the shipping
passages in defined navigational, hydro-meteorological, and hydrological conditions and the possible
minimum parameters sufficient to guarantee navigational safety are considered in a case study.
The research results may be interesting for port authorities, shipping companies, and other entities
involved in the organization of ships’ movement during construction work in navigational channels
or other areas.

Keywords: navigational channel; ships’ sailing conditions and restrictions; ship maneuverability;
construction work; maritime transport; coastal navigation route planning

1. Introduction

The trends that have emerged in maritime transport during the last decade indicated
a significant increase in the parameters of ships, especially container vessels. This fact
impacts port operations. Ports make efforts to attract even bigger ships; however, very
often, their infrastructure is not adjusted or improved to service these ships. Navigational
channels and adjacent areas also require adaptation to service bigger vessels; therefore,
construction work, other infrastructure development, or renovation investments to improve
ships’ sailing conditions are carried out. The performance of construction work influences
the ships’ traffic conditions and very often causes a temporary decrease in ships’ passage
parameters [1]. In such cases, in order to ensure the safety of ships’ navigation during
improvement works in these channels, the advanced evaluation of the possibility of crossing
the restricted area should be performed.

Weather conditions have a great influence on ship maneuverability; therefore, it is
necessary to consider making changes to vessels’ maneuvering capabilities when crossing
the navigational channels, especially when construction work is being carried out [2]. More-
over, decisions related to ship traffic in these channels are made depending on a number
of factors, including the ship’s speed limitations, hydro-meteorological and hydrological
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conditions, changes in weather conditions, and the need for additional assistance from tugs
or vessel traffic control (VTC) services. Importantly, the mentioned decisions must be made
before the ship’s master receives permission to enter the port, navigational channel, or other
restricted area. Nevertheless, sometimes, information from VTC or other dedicated systems
comes too late. This is why the advanced calculation of the minimum parameters of the
passages for vessels becomes significant in facilitating the decision-making process [2].

In order to make rational decisions, the possession of knowledge regarding the meth-
ods for calculating the passages for ships on the route may be helpful. However, sometimes,
the calculation results and evaluations made in advance cannot be applied in practice due
to the following possible changes [3]:

• The ship’s internal conditions (e.g., maneuverability changes depending on the sailing
area);

• The ship’s external conditions (e.g., weather conditions changing in a short period of
time, shallow water in some areas);

• The traffic of other ships in the analyzed area and hydrodynamic interactions between
ships on short distances.

During the construction, renovation, or other improvements in navigational channels
or adjacent areas, a decrease in the navigational passage’s width and depth may take place.
Moreover, it should be noted that the location of the construction work may change with
its progress; work within navigational channels is usually performed on separate sections,
which are improved over a certain period [4].

An analysis of the literature revealed that the available methodologies or recommen-
dations for the calculation of navigational channel parameters [5] are not always used in
practice due to the number of approximations or a need to possess a significant amount
of additional data [6,7]. Practically applicable calculation and evaluation methodologies
should comprise external and internal forces and moments influencing the ships, taking
into account the ship’s maneuverability and other parameters. Methods for assessing a
ship’s optimal trajectory in narrow passages have been developed [8,9]; however, many of
them do not include the complex assessment of the ship’s movement and are not practically
useful in real operating conditions.

This article aims to develop a methodology that allows for the precise determination
of the limited conditions for the navigation of ships passing through areas in navigational
channels where construction or development works are being carried out. The scientific
novelty of the research deals with the development of a methodology for calculating a
ship’s trajectory and sailing band in narrow passages considering hydro-metrological and
hydrological conditions to improve navigation safety.

This article includes a Section 2, where selected navigational channels are character-
ized, and the available related research studies are analyzed. In Section 3, the methodology
for calculating the ship’s trajectory and sailing band in navigational channels in restricted
sailing conditions is presented. The developed methodology considers the internal and
external forces that act on the ship in narrow passages during construction work in navi-
gational channels. The Section 4 includes a case study description and calculation results
that prove the possibility of applying the presented methodology in practice. The Section 5
summarizes this study.

2. Literature Review
2.1. Analysis of Selected Navigational Channels

In navigational channels and adjacent areas, various obstacles may take place and
impact navigation safety. These obstacles may be constant or temporary; they influence the
parameters of passages for ships and the need to assure additional precautionary measures
for navigation in such places.

Different natural obstacles take place in fjords and archipelagos, such as the Norwe-
gian fjords, the Stockholm archipelago, and other similar places. These obstacles appear
constantly and are related to natural conditions on the routes. Their occurrences influence
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the decrease in passage width. Therefore, ship navigations along these areas are performed
considering the limitations dependent on natural conditions.

Mentioned natural and constant navigational obstacles could be reduced with invest-
ments in infrastructure development. However, it should be noted that in some cases, the
improvements are rather expensive and time consuming (e.g., may include excavations,
dredging works, etc.). Sometimes, it is even impossible to provide changes in infrastructure
due to environmental restrictions or other regulations.

Temporary obstacles in navigational channels may deal with construction work or
other activities performed on shipping routes that limit for some time the possibility of
passing it according to previous regulations. The port gates renovation in Klaipeda port
may be taken as an example of temporary navigational obstacles occurrence (Figure 1).
During construction work conducted within the approach and inside the navigational
channel, a decrease in the channel’s width in some places was observed. Navigational
obstacles changed with the progress of construction work, which was challenging for ship
master planning sailing trajectories.
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Figure 1. Klaipeda port gates renovation process [10].

In navigational channels or adjacent areas, construction work may be carried out
using different equipment that also influences the temporary changes in the ship’s passage
parameters (Figure 2).

It should be highlighted that construction work carried out within or close to nav-
igational channels is usually short term. However, different restrictions are applied for
ships passing through these places. These restrictions include speed limitations, possible
maximum parameters of the ships, the need to use pilots and tug assistance, etc. Therefore,
it is very important to find the best solutions to assure navigation safety in such areas that
may be conducted, i.e., via the in-advance calculation of the ship’s trajectory and the ship’s
sailing band in narrow passages in the case of acting hydro-metrological and hydrological
conditions.
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2.2. Literature Analysis

In available research studies and introduced recommendations, the issues of ship
navigational safety in narrow passages and the determination of safe channel width for pas-
sages depending on ship parameters and navigational conditions were analyzed [1,2,11,12].
Special navigational conditions and accidents that occurred in different places were exam-
ined, including the Istanbul Strait [13], the Gulf of Gdansk [14,15], and navigation safety in
ports and seas [16]. It was noted that narrow passages may also take place in port approach
channels. Therefore, vessel traffic safety in such areas was also studied [17,18], and risk
analysis for ship traffic was carried out [19,20].

Construction, development, and reconstruction work may take place in different
navigational areas. Such works may be carried out within sea areas, e.g., close to windmills
farms, where ships maneuvers are very limited, as well as ships accidents may happen [21].
Such accidents may occur between ships or between ships and offshore constructions.
In the available studies, the safety of offshore installations was analyzed [22], as well as
collisions of vessels with offshore wind turbines were investigated, and risk assessment
was performed [23].

Available research studies were also focused on the determination of ship trajecto-
ries in different conditions. The research results included visual and optical trajectory
checking [24,25], visualization, and simulation of vessel traffic [26–28], which is important
for shipping safety in complicated navigation conditions. The visual analytic tools for
vessel movement were examined [28–30]. He et al. [31] studied the quality problems of
AIS (Automatic Identification System) data. Öztürk et al. [32] performed visual analytics
and analyzed the vessel’s collision probability to improve ship navigation safety. A similar
research problem was explored to determine trajectories for ships crossing the open sea
close to obstacles influencing navigation safety [33].

A lot of research has been carried out to examine the interaction between ships, as well
as ships and banks in narrow channels and sea areas [19,34,35]. Hydrodynamic interactions
(considering waves influence) between ships traveling or stationary in shallow waters were
investigated [36,37]. Moreover, the identification of collision risk and ship accidents in
narrow channels based on AIS data was performed [38,39].

It should be highlighted that AIS data are widely used for the analysis of ship traffic
and the occurrence of accidents in navigational channels and sea regions [40,41]. The data
obtained from this system may be used for intelligent maritime navigation [42], maritime
special planning [43], evaluation of vessels’ traffic with speed control [44], extraction
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of intelligent maritime routes [45], and other purposes to increase navigational safety.
Vessel’s pattern knowledge was discovered from AIS data, which is important to apply in
ships traffic planning in narrow channels to avoid collisions and other accidents [46,47].
Attention was paid to the fact that AIS data are also helpful in planning ship trajectories in
inland waterways to prevent collisions and accidents due to very narrow passages in some
places [48].

Ship collision avoidance methods and dynamic ship heels related to maritime transport
safety were investigated in available studies [49,50]. Ship trajectories and shipping density
for ships entering or leaving the port [47,51], as well as shipping density in fishing and other
regions [52–54], were analyzed in detail. Ships movement classification was carried out [55],
paying attention to the accuracy of data needed to plan the navigation trajectory [56–58].

Many ship collisions and accidents occur due to human errors [19,59], organizational,
technical, environmental, and other factors [60,61]. Eleftheria et al. [16] conducted a
statistical analysis of ship accidents. It should be noted that it is very difficult to reduce or
exclude risk factors that influence the ship, especially human factor impact, due to a small
number of crew on various ships, very intensive work regimes, and other reasons.

The analysis of the available literature on ships’ passing limitations in narrow pas-
sages revealed that despite in-deep investigations conducted regarding the research issue,
there is still a lack of comprehensive research results directly related to navigation safety
on shipping routes during performed construction work when ship’s sailing conditions
may rapidly change, and it is necessary to make the correct decision to avoid collisions or
accidents in narrow channels. Therefore, this article is focused on developing the method-
ology and showing its practical application to increase navigational safety and avoid ship
collisions or accidents in mentioned conditions.

3. Materials and Methods
3.1. Steps of Research Methodology

The following steps of research methodology were applied to conduct our research
(Figure 3). After carrying out the literature review, the mathematical model was developed.
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The theoretical calculations of passage bands for ships to cross channels in special
conditions were performed. For calculation of the real ship’s trajectory in channels, the
maximal distribution method was used utilizing data achieved by conducting experiments
on simulators and on real ships. Maximal distribution method could be applied in at least
5 measurements that were carried out.

To verify theoretical calculations and practical applications of presented methodology,
a case study was considered. Based on the set assumptions, the calculations were conducted,
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and experiments were performed with the help of a simulator and on real ships. Simulations
were carried out using a full mission simulator, “SimFlex Navigator” (Force Technology
product) [62], which allowed us to analyze similar maneuvers to real ships, considering
the set forces acting on vessels crossing the channel. Experiments performed on real ships
covered restricted areas with specific navigational conditions.

Then, the results are analyzed, discussions and conclusions are drawn, and directions
for future research are outlined.

3.2. Mathematical Model

During the determination of ship’s possibility of passing navigational channel, the
fluctuation of ship’s trajectory should be considered. This fluctuation may depend on
the internal and external factors influencing ships’ maneuvering characteristics and the
accuracy of ship’s position observation. Therefore, it is important to possess available
information about ship’s position and its coordinates at any time of its movement through
navigational channel, as well as assess the possible fluctuations of the ship’s trajectory
(Figure 4).
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between calculated trajectory and possible fluctuation from ship’s sailing trajectory (line).

Ship’s trajectory coordinates fluctuation (∆X′ and ∆Y′), as shown in Figure 4, can be
calculated as follows (Equations (1) and (2)):

∆X′ = ∆X + P′·σX ; (1)

∆Y′ = ∆Y + P′·σY, (2)

where ∆X is ship’s sailing trajectory on X coordinate fluctuation; ∆Y is ship’s sailing
trajectory on Y coordinate fluctuation; P′ is probability coefficient, in case the coefficient is
equal to 1, probability is about 63–68%; in case the coefficient is equal to 2, probability is
about 93–95%; in case the coefficient is equal to 3, probability is about 97–99%; σX and σY
are accuracies of the ship’s position observation in X and Y coordinates depending on type
of ship’s position observation equipment and applied methods; this fluctuation may be
between 0.05 m (using Real-Time Kinematic (RTK) system) up to 15–25 m (using ship’s or
shore radar systems) [63].
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The total ship’s position fluctuation on the passage may be assessed at any time on the
basis of available information about ship’s position and its coordinates. This position can
be calculated using Equation (3):

l′ =
√
(∆X′)2 + (∆Y′)2. (3)

This measurement and the obtained values are necessary to plan the path for crossing
the channel bands for ships, where the maneuvering accuracy should be estimated in detail
(Figure 5).
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Figure 5. Ship’s (length = 350 m) sailing trajectory band at the entrance to the Klaipeda port during
renovation works close to the quay wall No. 1 (blue square depicts lifting platform, shown in
Figure 2; red color depicts the ship; green color depicts ship’s sailing trajectory) [own elaboration
based on [62]].

For the purpose of the research, the passage’s main parameters were defined as pas-
sage minimum width and depth, allowing them to cross the restricted area by ships with
possible maximum main parameters (length, width, draft), assuring their maneuverability.
Requested passages widths and depths could be calculated or selected based on recom-
mendations provided, for example, by Permanent International Association of Navigation
Congresses (PIANC) [11], Recommendation for Design of the Maritime Configuration of
Ports, Approach Channels and Harbour Basins (ROM) [12], and others.

Ship passage minimum width (B′P), considering the parameters of biggest ships, which
can sail via narrow passage, could be calculated based on mentioned recommendations [11,12],
as well as may be achieved from simulators [62] or obtained from the real ships (using Marine
traffic system [64] or other platforms). For the minimum ship’s passage width calculation,
Equation (4) could be applied as follows [2]:

B′P = L· sin β + B· cos β + L· sin ∆K + P′·σY + bn, (4)

where L is length of the biggest ship; B is width of the biggest ship; β is possible maximum
drift angle for the big ships (length of more than 200 m), drift angle in ports and other
navigational channels on straight sections cannot be more than 5◦ (not in circulation); ∆K is
ship’s course fluctuation, for the big ships (length of more than 200 m), and ship’s course
fluctuation cannot be more than 2◦–3◦ (wheelman’s ability to keep the ship on course in
various conditions); P′ is probability factor for the line, which is equal to the passage central
line the following factors could be taken into account: in case the probability factor is 1,
probability is 62–68%; in case the probability factor is 2, probability is 95.3%; in case the
probability factor is 3, probability is 99.7%. For the ship’s position (observation) in case
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of using at least three directions or three distances, it could use 3σ regular and in case
of probability factor 3, probability is about 97%. σY is accuracy of the ship’s observation
position in passage, depending on ships observation methods and systems; for example, if
lead line is used, ships observation position accuracy is between 3 and 10 m; bn is addition
to the passage width, depending on the passage bottom conditions, navigation situation,
ship’s maneuverability, and so on (could be between 0.25 and 1.5B).

According to PIANC recommendations, the width of the passages could be calculated
using Equation (5) as follows [11]:

BP = BBM + ∑ Bi + BBR + BBG, (5)

where BBM is ship‘s basic maneuvering line, could range from 1.3B to 1.8B; Bi is additional
corrections to the width of the passage on straight sections, could range from 0 to 1B
depending on the permitted ship’s speed, privileged wind, current velocity and direction,
wave characteristics, the aids of navigation characteristics, the depth and types of cargo;
BBR and BBG are distances to shallow water on the right and left sides of the passage
depending on the channel’s slopes e and ship’s speed (vary from 0.3B to 1.0B).

Today, simulators are frequently used for testing the passages and approaches to chan-
nels and waterways [62]. The accuracy of the received results is influenced by the reliability
of ship models and external conditions simulation. The human factor is considered in
real-time simulations, and, therefore, it matters who is handling the ship in the given terms
and conditions because the obtained results strongly depend on the experience of a simula-
tor operator. Moreover, simulations must be repeated (considering wind characteristics,
current speed and direction, wave characteristics, etc.) a certain number of times under the
same external conditions to collect appropriate data. To receive the final results on width of
the passages, approaches, and inside navigational channels provided by simulators, the
maximum distribution method could be used, and its application may be expressed as
follows (Equation (6)) [2]:

BP = BBM + kn·P′·σY·Rn, (6)

where BP is width of the approach channel; BBM is maximum width of the biggest ship or
ship’s sailing band; P′ is factor in probabilistic maintenance (in the case of ±1, probability
is 68.3%, in the case of ±2, probability is 95.3% and in the case of ±3, probability is 99.7%);
kn is the coefficient depending on the number of measurements; in case the number of
measurements is 3, the coefficient is equal to 0.55, in case the number of measurements is 4,
the coefficient is equal to 0.47, in case the number of measurements is 5, the coefficient is
equal to 0.43, in case the number of measurements is 6, the coefficient is equal to 0.395, in
case the number of measurements is 7, the coefficient is equal to 0.37, in case the number of
measurements is 8, the coefficient is equal to 0.351, in case the number of measurements is
9, the coefficient is equal to 0.337, in case the number of measurements is 10, the coefficient
is equal to 0.329, in case the number of measurements is 11, the coefficient is equal to
0.325, in case the number of measurements is 12, the coefficient is equal to 0.322; Rn is
the distribution of measurement results, means the difference between minimum and
maximum measurements results.

Ship navigation trajectory in passage, when it is necessary to pass safely the temporary
navigational obstacles (places of construction or other works), may be defined to evaluate
the navigation safety. Ship’s sailing trajectory in coordinates X0i and Y0i can be calculated
applying Equations (7) and (8) as follows [63]:

X0i =
∫ t

0
νidt· cos

(∫ t

0
ωidt− βi

)
; (7)

Y0i =
∫ t

0
νidt· sin

(∫ t

0
ωidt− βi

)
, (8)
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where νi is ship’s speed module (can be taken from ship’s navigational equipment or could
be calculated) m/s; ωi is turning velocity, rad/s; βi is drift angle, rad; νi, ωi and βi can be
calculated depending on the sailing conditions using methods presented in [2,63].

In case of acting current and wind drift, as well as sailing using ship propulsion
system, the vessel’s trajectory coordinates could be determined as follows, applying
Equations (9) and (10) [63]:

X0i =
∫ t

0
νxdt +

∫ t

0
νxsrdt +

∫ t

0
νxddt, (9)

Y0i =
∫ t

0
νydt +

∫ t

0
νysrdt +

∫ t

0
νyddt. (10)

Equations (9) and (10), considering the way of conducting calculations presented in
Equations (4) and (5), with the evaluation of the shallow water effect, could be expressed as
follows (Equations (11) and (12)):

X0i =
∫ t

0
νis cos

∫ t

0
(ωisdt− βis)dt +

∫ t

0
νxsrdt +

∫ t

0
νxddt, (11)

Y0i =
∫ t

0
νis sin

∫ t

0
(ωisdt− βis)dt +

∫ t

0
νysrdt +

∫ t

0
νyddt. (12)

Accuracy of the ship’s trajectory calculated by applying Equations (7) and (8), accord-
ing to methodology expressed in [2], including tug assistance for the increasing of ships’
maneuverability, could be less than 10% of the ship’s circulation diameter. Finally, ship’s
sailing trajectory on the bends during maneuvering could be presented as it was shown in
Figure 4.

Considering that channels are crossed by various ship types, it is rather difficult to
adopt maneuvering characteristics of all ships’; therefore, it is necessary to evaluate the
parameters of biggest ships when they are sailing via passages with obstacles. Therefore,
according to developed methodology, the navigational conditions for the analyzed sailing
area, as well as vessel’s possibilities to cross it, should be evaluated and the accuracy of
ship’s position should be determined. Ship’s trajectory on the bends, in case acting of
wind and current, as well as shallow water effect influence, could be calculated using
Equations (11) and (12).

It should be highlighted that presented methodology for the passage parameters
calculation can be applied to any navigational area.

4. Results

Navigational conditions are usually evaluated mainly considering the ship’s possi-
bilities to predict and check the accuracy of its position. In order to test the presented
methodology, the calculations were carried out for different kinds of ships crossing specific
navigational areas. For example, calculations were performed for the tanker ship with
parameters presented in Table 1.

Table 1. Parameters of tanker ship used in calculations [62].

Parameter Value

Length [m] 185
Width [m] 27.5

Bow draft [m] 5.0
Astern draft [m] 7.0

Displacement [m3] 20,780
Ruder angle starboard [◦] 35

Initial speed [knots] 14.0



Appl. Sci. 2023, 13, 8593 10 of 19

In the case of acting wind and current on the maneuvering ship, the ship’s kine-
matic parameters and the part of the ship’s trajectory could be calculated by applying the
methodology presented in Section 3. The appropriate calculation results for the selected
conditions (taken as an example to present the possibility of implementing the developed
methodology) are shown in Figures 6 and 7.
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A case study of the ship’s movement within the navigational channel during re-
construction work of the port infrastructure close to the approach to Klaipeda port was
considered. The big working platform was located near the navigational channel (Figure 8).
That fact impacted ships’ movement in this area. Vessels entering the port and departing
from the port had to make turns about 25◦ with very high accuracy very close to the port
gate. The main task of this case study analysis was to define the limit conditions for vessels,
considering their displacement, maneuverability, and external forces influence (e.g., wind,
current, etc.), needed to plan the route allowing to pass mentioned area safely.
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Figure 8. Ship sailing near working platform located close to navigational channel within approach
to Klaipeda port (blue square depicts lifting platform, shown in Figure 2; arrow depicts the distance
from platform to the passing ship) [own elaboration based [62]].

The analysis of the sailing trajectories for ships with different displacements was
carried out considering set hydro-meteorological and hydrological conditions observed in
explored navigational areas. The theoretical calculations were conducted using a developed
mathematical model. Then, the calculation results were compared to the data collected
from the following:

• Simulator “SimFlex Navigator” [62];
• AIS for real ships crossing the analyzed area [64].

For the considered case study, the sailing trajectories, passage bands, and minimal
distances between the platform and ship sailing bands for the different types, dimensions,
and displacements of ships both entering and departing from the port were calculated. The
evaluated ship lengths were from 145 m to 300 m. Analyzed ship displacement constituted
from 10,000 t to 150,000 t (considering the density of the water is 1000 kg/m3). Moreover,
different wind directions were considered. The southwest was the worst wind direction due
to the drift occurrence and the rotation of the ship, in turn, when the ship’s superstructure
was at the stern, the northwest wind direction was considered. In case the wind was
blowing in the southwest and west directions, the waves broke through the port gate. The
currents in many analyzed cases were directed from the port to the sea, and the velocity of
the current was up to 2 knots.

The widths of the passages depending on the size of the ships (lengths) and hydro-
meteorological conditions received applying developed calculation methods are presented
in Figure 9, where the orange line shows the maximum possible safe widths of the passages
depending on the sizes of the ships.
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Figure 9. The widths of the passages depending on the sizes of the ships (lengths) and hydro-
meteorological conditions [own elaboration], where lines are data achieved from conducted cal-
culations, and designations are data from real ships’ passages received via AIS [own elaboration
based [62,64]].

By analyzing ships’ passage bands calculated using the theoretical method presented
in Section 3 (lines in Figure 9), and comparing it to experimental data received from real
ships, it can be stated that differences between theoretical and experimental data were less
than 10%. Moreover, experiments conducted on the “SimFlex Navigator” simulator by
experienced operators (captain and port pilots) allowed us to achieve the values with the
same accuracy (up to 10% difference compared to calculated values).

The calculated distance from the platform to ship passage bands depending on the
ship’s size and hydro-meteorological conditions is presented in Figure 10, where the orange
line shows the minimum distance between the platform and ship passage bands needed to
be assured for safe navigation.
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Figure 10. Distances between platform and ships passage bands (∆BP) depending on ships sizes and
hydro-meteorological conditions [own elaboration], where lines are data achieved from conducted cal-
culations, and designations are data from real ships passages received via AIS and simulator [62,64].

It should be noted that distances between platform location and ship passage bands,
calculated using the developed theoretical method (lines in Figure 10) and achieved from
real ships (experimental data received using AIS—designations in Figure 10), have almost
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similar values with differences between theoretical and experimental data less than 10%.
Negative ∆BP values may mean that the risk of ships sailing in the passage band is too high,
so it is necessary to provide restrictions on ships’ sailing conditions in the analyzed area.

According to the decision of the harbormaster, a minimum distance of at least 25 m
must be maintained between the platform and the shipping band (horizontal line in
Figure 10). However, some vessels sailed on a distance that was less than 25 m to the
platform (the smallest distance was 20 m). Similar results were obtained during experiments
conducted by experienced operators (captain and harbor pilots) using a calibrated “SimFlex
Navigator” simulator [62]. Applying the dispersion and maximum distribution methods,
the widths of the ship’s bands occupied by ships were calculated, which were up to 10%
of the distance between the center line of the channel and the platform. The accuracy of
the calculation results is confirmed using the analysis of the data obtained from real ships
sailing in the studied area, which allowed us to state that the developed calculation method
may be applied in other similar places.

The illustration of the containership MSC “Lisbon” [65] (length = 337 m, width = 45.6 m,
draft = 12.1 m, container capacity 9200 TEU) sailing trajectory analysis while crossing the
approach to Klaipeda port is shown in Figure 11.
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Figure 11. MSC “Lisbon” sailing close to working platform in Klaipeda port (blue square depicts
lifting platform, as shown in Figure 2) [own elaboration based on [64]].

In case of difficulties of sailing in such complicated conditions due to the high proba-
bility of an accident, it is necessary to take external assistance (tugs), which can increase
the maneuverability of the ship. For example, in Klaipeda port, LNG standard tankers
(with a capacity of about 150,000 m3) need to use four tugs with a bollard pool not less than
500 kN to avoid sailing too close to the working platform (Figure 12). Two tugs are used
for increasing the ship’s maneuverability on tugging ropes, and two tugs are involved as
assistance tugs.

Difficult sailing conditions may be also observed in other navigation areas. A similar
study may be conducted, for example, in the Fehmarn Belt strait [66] during the construction
work of underwater tunnels (Figure 13). Using the presented methodology, it would be
possible to plan safe ship trajectories in this restricted area during the performance of
construction work.

Fehmarn Belt Strait services different kinds of ships, including G-class container
vessels, which have capacities of up to 24,000 TEU. The length of such vessels is about
400 m, width about 61 m, and draft up to 15 m [67]. Moreover, tankers and bulk ships
with lengths up to 320 m (LNG Q-Flex tankers), widths up to 60 m (VLCC tankers and
bulk ships), and a permitted draft up to 15 m (according to Denmark Maritime Authority
regulations [68]) may pass this strait. In such complicated sailing areas, it is very important
to provide preliminary investigations to determine the needed passage width. Therefore,
the presented approach may be helpful to estimate this width for similarly restricted places
in the world by applying the methodology presented in this article, conducting theoretical
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calculations, and comparing achieved data to simulation results and real ships’ sailing
trajectories.
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Figure 13. Tunnel construction place under Fehmarn Belt strait and planned ships’ sailing directions
(yellow square depicts working platform; red square depicts technological area restricted for ships;
red dots depicts navigational obstacles; blue arrow depicts passing ship route; red arrow depicts
the direction of traffic of ships that participate in construction work; black arrow depicts direction
of ferry traffic; green arrow depicts the distance between the platforms; yellow arrow depicts the
distance between the passing ship route and the shallow waters (navigational obstacles)) [66].
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5. Discussions and Conclusions

Construction, renovation, and other similar works are carried out in many ports and
other navigation areas where intensive ship traffic takes place. During these works, the
width of ship passages may dramatically decrease. This fact brings a number of challenges
for ship masters and pilots, as well as ports and authorities responsible for ship traffic
planning. On the one hand, it is necessary to assure ships’ access to ports (both directions
traffic) in a way not decreasing port attractiveness during these works’ performance. On the
other hand, navigation safety in these areas must be guaranteed. Therefore, the in-advance
accuracy evaluation of ships sailing trajectories and bands is required.

In this present article, the methodology was developed to determine the limited
conditions for the navigation of ships passing through navigational channels or other
areas, where construction or development work is carried out. Applying the presented
methodology, the safe distances between ships and working objects (e.g., platforms, cranes,
dredgers, etc.) as well as passage bands may be estimated. The methodology includes
conducting calculations using established mathematical models, performing experiments
on simulators, as well as using data received on real ships in similar conditions. Research
results allowed us to extend the current knowledge in the field of methods to calculate the
ship’s trajectory and passage width for safe navigation of ships along the narrow channels
and ports where construction work is carried out.

The presented case study proved that the developed methodology may be applied
in practice. The results achieved using theoretical calculations, experiments conducted on
a simulator, and data received from real ships did not differ by more than 10%. It should
be emphasized that developed methodology may be used to calculate passage bands for
different ships and navigational conditions during construction work on the routes in
various areas of the world.

The methodology presented in this article could be helpful in searching for rational
solutions for ship trajectory planning. Nevertheless, to apply the presented methodology,
a high accuracy of operated data is required since wrong or low-quality data can lead
to mistakes in the calculations of ship trajectory parameters for sailing in complicated
conditions. External data, which influence ships sailing in navigational channels, ports, or
other complicated areas, could be received by sensors that measure hydro-meteorological
and hydrological conditions, depths and their changes, and other parameters. These
sensors may be located close to complicated sailing places and on ships, like RTK or other
measuring equipment.

Considering the current and wind acting on the ship, as well as the shallow water
effect, it is possible to plan the vessel’s sailing trajectories more precisely and influence
the ship’s safety in narrow passages in view of temporary obstacles occurring in naviga-
tional channels or other areas. Conducting preparation works (e.g., calculations applying
developed methodology) and in-advance determination of the passing bands and ship
trajectories could allow us to decrease the probability of accidents and incidents appearing
in complicated navigational conditions. It also may be helpful to set limitations for ship
navigation in case navigation safety could not be guaranteed. On that basis, additional
navigation safety measures may be developed and introduced, like using tugs, minimum
requested bollard pools of the tugs, or other solutions. The research results may also be
useful in developing safety rules and emergency procedures for ships and ports in cases
when the weather conditions deteriorate over a short period of time during a ship’s passing
through tight passage. Ship trajectories should be planned carefully to avoid undesirable
consequences [69,70]. The improvement of navigation safety influences the reliability of
maritime transport, which, in turn, affects the efficiency of transport chains performed
using different transport modes.

It should be highlighted that the presented calculations were carried out under specific
assumptions. These assumptions dealt with set external conditions impacting the ship’s
movement inside the port and navigational channel, which were constant for the set time
unit. Therefore, in order to apply the developed methodology in practice, calculations may
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be carried out considering possible changes in external conditions. Importantly, trajectory
calculations may be carried out on ships by masters or pilots who may use current data to
modify the sailing route if needed. Moreover, the presented calculation model may form
the basis for the software development that could be installed on ships and facilitate the
decision-making process of ships’ masters and pilots while trajectory planning to improve
safe navigation during construction work in navigational channels, ports, and other areas.

It should also be noted that research results are limited to selected case study analysis.
The ship’s movement within the navigational channel close to the approach to Klaipeda
port during infrastructure reconstruction work was analyzed in detail. Applying the de-
veloped calculation method, it was possible to receive the dependence of passage widths
on the size of the ships (lengths), as well as the dependence of distances between platform
and ship passage bands on ship sizes under set hydro-meteorological conditions. These
research results show the dependencies achieved for specific external conditions. There-
fore, the calculations may be repeated for a selected case study but testing another set of
conditions, including hydro-meteorological. Moreover, it may be reasonable to examine
the possibility of applying the developed methodology in other external conditions, for
example, considering ship navigation in the Fehmarn Belt strait during the construction
work of an underwater tunnel.

Research results may be interesting for shipping companies, ports, and maritime
authorities involved in planning and performing ships traffic in different navigational
conditions. Ship masters and navigators, as well as port pilots, must be educated and
trained in advance to make them familiar with local special conditions and their influence
on ships sailing trajectories and passage bands. These activities are needed to prepare
them better for ship traffic planning before the start of construction work in ports and
navigational channels. Moreover, the results of the analysis could be also beneficial for
the operators of specific equipment taking part in the construction work in the port and
navigational channels (e.g., cranes, platforms, etc.).

The directions of our future research will focus on the further development of the
presented methodology and conducting advanced investigations searching for ways to
increase maritime transport safety and efficiency.
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