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A Study on the Evaluation of Ship Operations Safety within a Harbor
under the Effects of Waves and Tsunami

ABSTRACT

1. Introduction

Ship operations within a harbor are generally placed into one of four categories: entering,
departing, mooring, and cargo handling. It will be called “good harbor”, “convenient harbor” for the
first time when a safe and convenient harbor functions well during all four operations.

However, even if it has excellent facilities, the wharf operation ratio will decrease when cargo
work becomes impossible due to heavy weather while entering and departing a harbor and mooring.

Consequently, ship operations safety is of the utmost importance in a harbor in the stage of
maritime transportation. However, the entrance and departure of ships is limited when ports face
open seas subjected to severe wave and wind conditions. Moreover, a mooring presents its own set
of threats to the safety of ship operations.

The ship operations in the stages of entering, departing, and mooring in harbors must be evaluated
to determine the overall safety and efficiency of harbor operations.

From the above viewpoints, field observations and numerical simulations were carried out in order
to achieve a quantitative estimation of the safety and efficiency of vessels in consideration of waves
and tsunami.

The objective of this research is to increase safety during ship operations within harbors and,

ultimately, reduce damages resulting from accidents.

2. Present Situations Regarding Ship Operations within a Harbor

Field observations were conducted with a measurement system that considers ship operations
within a harbor facing the open sea. The study was conducted to determine the degree of safety
within ship operations. The evaluations were based on field observations of a large ship in a harbor
facing the Pacific Ocean. Especially, the most hazardous situations occur as ships enter and depart
harbors in waves propagated by typhoons and, particularly, as they approach quays. In order to
evaluate the difficulty of the above-mentioned ship operations, field observations were conducted,
and the time series of the rapid change in ship motions as a ship enters the harbor were analyzed. In
this manner, a quantitative evaluation of the influence of waves on ship safety as a ship enters and

departs a harbor can be conducted.



3. Evaluation of Safety Using a New Safety Index Based on Visibility while Entering a
Harbor

In the case of vessels, the dangerous phenomenon, which the fore landscape is invisible due to
ship motions and the high waves height, is happened. If that happens, it is known that most of
navigators feel difficulty in maneuvering. For the purposes of this study, a safety index was
developed for use by ships entering a harbor. The conditions of visibility or lack thereof can be

quantitatively analyzed by considering the relationship between the ship motion and waves.
4. The Prediction of a Wave Series in a Harbor for the Safety of Entering Ship

The study of waves and their impact on shipping within harbors is an important aspect of the
design and operation of harbors. The prediction of incoming groups of waves is particularly
important for evaluating ship motion within a harbor. Such a prediction makes it possible to evaluate
ship safety more accurately.

The wave transformation model reported here is applied to actual ports based on Boussinesq wave
equations that include non-linearity and frequency dispersion.

Furthermore, a wave information support system is proposed for entering ships. This system
predicts the wave series and reduces the danger by identifying the most dangerous point near the

harbor entrance at the small wave groups.
5. Calculating the Motions of Moored Ship Using Numerical Simulations

Tsunamis are important as the loss of life and vast property damage are resulted from the larger
tsunami in a viewpoint of ship operations.

During tsunamis, ships are set adrift when mooring lines break and general navigation is
prevented. And extremely serious accidents, such as stranding and collision to a quay, will occur.

In spite of the impending threat, no previous numerical simulations have been conducted to
examine the effects of tsunamis on moored ships. On the other hand, since tsunamis consist of
approximately several minute component waves, there is a possibility of resonance with the
long-period motion of mooring vessels.

This study focuses on numerical simulations involving moored ships and their motion during
large-scale tsunamis. The effects of drag forces are considered by using a numerical simulation

method, which is applied in two cases.
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6. Conclusion

The main conclusions are summarized below.

@

@

)

4)

©)

In order to evaluate the difficulty of the ship operations, field observations were conducted,
and the time series of the rapid change in ship motions as a ship enters the harbor were
analyzed.

A new method to evaluate safety from the viewpoint of visibility is proposed to improve the
safety of ships entering harbors. The newly developed safety evaluation index makes it
possible to use quantitative analysis to evaluate hazardous conditions in a seaway.

The Boussinesq equation was used for wave predictions in harbor entrances as one method to
improve the safety of marine transportation. Also, the wave prediction model made it possible
to suggest a wave information support system. It was determined that the wave transformation
model improved the accuracy of the calculations when the wave direction was correctly
inputted in each component wave.

The results of the study of tsunami research were derived from many scenarios. By assuming
possible scenarios, potential damage may be reduced.

In large-scale tsunamis, the drag forces due to the currents and surface elevation produce

large sway, surge, and excessive mooring loads.
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Chapter 1 Introduction
1.1 Background of Research

Recently, ports have been promoting their facilities as international competition for shipping
business increases. For example, large ports aim to provide full logistics functions, 365-day
operations, punctual service, reliability, and efficiency. Particularly, higher port working ratio and
wharf operation ratio are needed for the port and quay using a container to maintain on-time service

because the most linear shipping companies are using the container ship.

[ Ship Operations within a Harbor '

Entering &
Departing issues

Mooring Issues

Entering
into Harbor

" cargo

Departing s

from Harbor

Evaluation of Ship Operations Safety

- Fleld Observation + Numerical Simluation
- Under the Effects of Waves & Tsunami

|

The Purpose of This Study

--Secure & Improve Ship Operations Safety
in stage of Maritime Transportation
- Reduce Accident Damages

Fig.1.1 Pattern of ship operations within a harbor



Chapter 1 Introduction

Classifications of “Good” and “Convenient” are used for harbors that function safely and
efficiently in each stage of operation, as shown in Fig. 1.1 (Kubo et al., 1988). However, even ports
that have excellent facilities will reduce their range of operation if they are forced to close during
heavy weather during the entering and departing harbor and mooring situation.

Ship operations within a harbor are divided into two categories, as shown in Fig. 1.1. One
category is ship entering and departing issues near harbor entrance considering wave and wind
effects. The other category is mooring issues in harbor due to long period waves and tsunami as
illustrated in Fig.1.2.

Ship operations safety is of the utmost importance in a harbor in the stage of maritime
transportation. During marine transportation, safety is affected by oceanographic conditions, such as
waves, wind, and current, which are not as influential in the case of air transportation (Kubo, et al.,
2003). However, the entrance and departure of ships is limited when ports face open seas subjected

to severe wave and wind conditions.

& Harbor Entrance
A
$® l
Entering Ship

D ~~~~~~ SHIP MOTIONS NEAR HARBOR ENTRANCE

CONSIDERING WAVE EFFECTS

Inside Harbor Departing Ship

Moored Ship

MOORED SHIP MOTIONS IN HARBOR
DUE TO LONG-PERIOD WAVES & TSUNAMI

Fig.1.2 Research conducted for this study



1.1 Background of Research

Moreover, in the stage of mooring ship, there were various troubles about ship operations. They
include, for example, securing cargo, breakage of mooring ropes, and damage to fenders, particularly
in ports facing open seas. The main reason of those troubles is large motions of moored vessels due
to the long-period waves (Coastal Development Institute of Technology, 2004). Numerical
simulations of ship motions have been carried out to evaluate the safety of mooring systems and
cargo handling efficiency.

Therefore, safety and efficiency during entrance, departure, and mooring are extremely important
aspects in the evaluation of ship operations

Ships are built for the purpose of carrying people and materials upon the seas. In order to
accomplish the mission, a ship must be built to withstand the rigors of heavy weather and waves
(Bhattacharyya, 1978). In particular, the safety of ship motions at the entering/departing harbor and
mooring under the effects of waves is very important for ship operation from the viewpoint of

marine engineering,

On the other hand, Natural disasters appear to be occurring with great frequency in a recent date.
Under the effect of global warming, the weather has become unseasonable worldwide. As a result,
tropical cyclones, such as typhoons and large-scale hurricanes, occur more frequently than before.
The earth is experiencing unstable conditions, which include disasters, such as storms, floods, and
earthquakes (Kawata, 2005). Therefore, it is necessary to consider what can be done to prevent them.

Disasters, such as earthquakes, will inevitably occur in view of the probabilities. Recent warnings
indicate that massive earthquakes could occur within the next 30 years, and large-scale tsunamis that
strike a wide coastal area are usually caused by earthquakes.

However, natural disasters have not generally been considered in harbor planning because they
happen quite infrequently. Recent warnings indicate that there is a potential risk of massive
earthquakes. Consequently, it is necessary to consider the assumed scenarios from harbors and ship
activities in order to minimize loss of life and vast property damage.

Many studies have been conducted that involve the predictions of the dynamic behavior of a
mooring ship under swells and long-period waves in harbors by using numerical simulations
(Sakakibara et al., 2001; Sasa, 2002). The numerical simulations consist of a hydrodynamic analysis
in a frequency domain and a ship motion analysis in a time domain when moored ship motions are
calculated. However, the mooring problems are given tsunami as external force, moreover
accompanied of a water level change does not almost have inquired until now. Consequently, in this
study, a numerical simulation procedure is proposed for the motions of a moored ship caused by a
tsunami, and the effects on ship motions induced by the initial wave are investigated.

From the above background, field observations and a numerical simulation were carried out in

order to estimate the safety and efficiency of the vessel quantitatively in consideration of waves and
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Chapter 1 Introduction

tsunami.

As a result, the purpose of this study is to secure ship safety and ultimately reduce accident

damage by evaluating the safety of ship operations within a harbor.

1.2 Organization of This Study
A flowchart for this study is shown in Fig. 1.3.

Background of this study

- Importance of ship operations safety within a harbor

A

Field Observations Regarding Ship Operations within a Harbor

Chapter 1

- Field Observation by new measurement system within a harbor facing the open sea
- Time series concerning the difficulty of sea operations

4

Safety Evaluation by New Safety Index from Visibility of Entering Ship

Chapter 2

[

- Development of new safety Index from visibility on the basis of viewpoint
- Calculation of encounter waves toward moving ship

y

Prediction of Wave Series in Harbor for the Safety of Entering Ships

Chapter 3

T

- Non-linear wave transformation model applied to the real port
- Wave prediction in terms of wave groups by using SIWEH

The Influence of Tsunamis on-Moored Ships and Ports

Chapter 4

- The Importance of tsunami research from harbors and ship activities
by showing many possible scenarios

y

Calculating the-Motions of Moored Ship Using Numerical Simulation

Chapter 5

Al

- Tsunami is given as external force
- Consideration of drag forces due to the currents

y

Conclusion of this Study and Future Studies

Chapter 6

&

- Conclusion summarizing this study and future studies to be conducted

Fig.1.3 Flowchart of this study

Chapter 7
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1.2 Organization of This Study

In Chapter 2, field observations of ship motions in a harbor facing an open sea conducted using
measurement system. The study contains estimates of a ship’s operation in a large harbor facing the
Pacific Ocean, and it includes a safety evaluation based on field observations. The greatest hazards
in navigation occur as ships enter and depart harbors in waves propagated by typhoons in the water
area near the quay.

In order to evaluate the difficulty of ship operations, field observations were performed, and grasp
was done concerning about the time series characteristic that ship motions change rapidly as a ship
enters a harbor. Namely, It is possible to evaluate the influence of waves relative to a ship’s safety as

it enters and departs a harbor in heavy weather (Sasa et al., 2003a; Sasa et al., 2003b).

In Chapter 3, the safety evaluations of ships entering are carried out in heavy weather by the
visibility. In the case of vessels, the dangerous phenomenon, which the fore landscape becomes
invisible due to ship motions and high waves, is happened. If that happens, it is known that most of
navigators feel difficulty in maneuvering. A safety index was developed for ship entering a harbor.
The index is based on an analysis of the relationship between ship motions and waves from the

viewpoint of the visibility or invisibility of the harbor facility (Kubo et al., 2003)

In Chapter 4, wave series is predicted within a harbor that are intended to assist navigators as
they enter harbors. Waves, which are the main source of ship motions in a seaway, considerably
affect the performance of a ship. To study the effects of waves, it is necessary to understand ocean
waves, which are irregular and highly complex in nature (Bhattacharyya, 1978).

In addition, breakwaters are built in order to protect harbors from waves and to create calm water
in a basin area. Breakwaters are arranged to aid navigation within harbors and to provide safe
mooring and efficient cargo handling in port facilities (Tsinker, 1997). Breakwaters can, however,
present an obstacle to ships as they enter and depart harbors. By predicting the wave information in
harbor entrance where seamen feel the danger of navigation, it is possible to evaluate more precise
ship safety.

Therefore, the prediction of waves ‘is of considerable importance from both the design and
operational standpoints in harbors. It is particularly important to predict incoming wave groups when

evaluating ship motions near a harbor (Kubo, et al., 2005a).
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Fig.1.4 Wave prediction at the entrance of a harbor in Chapter 4

Wave prediction near a harbor entrance has been carried out statistically by Mizui et al. (2003).
However, it means not chronological wave but the small wave grouping at a certain point from the
relationship between offshore wave and those around the harbor by multiple regression model.

Thus, the wave transformation model is applied to a real port based on the Boussinesq wave
equations including non-linearity as well as frequency dispersion (Kubo et al., 2005a). The
Boussinesq models can be evaluated theoretically through their linear dispersion characteristics, but
it is also important to consider the practicality of applying a numerical method, bearing in mind the
eventual aim of solving three-dimensional problems in variable depth environments (Walkley,
1999).

Wave information support system is proposed for entering ship by predicting wave series to
reduce the danger by passing the most dangerous point near the harbor entrance at the small wave

groups.



1.2 Organization of This Study

In Chapter 5, it analyzed about the influence of tsunamis on moored ships and ports.

Planning for the construction of ports and harbors usually takes place without the consideration of
tsunamis because of their rare occurrence, approximately once every 100 years. However, recent
warnings indicate that massive earthquakes could occur in Japan within the next 30 years.
Earthquakes have the potential to generate large-scale tsunamis.

Therefore, with the looming concern for tsunamis and earthquakes, immediate attention must be
given to the planning of ports and harbors. The warnings deserve an immediate response. The
threatened regions cover a very large territory, and the degree of severity of the tsunamis is forecast
to be varied. Therefore, any modeling of the potential scenarios will require a broad array of
possibilities. The objective of this paper is to consider the potential damage from tsunamis to ports
and moored ships (Kubo et al., 2005b).

In addition, consideration will be given to the construction plans of ports and harbors so that they

will be better able to cope with the threats from earthquakes and tsunamis.

In Chapter 6, it contains the results of a numerical simulation of a moored vessel subjected to a
tsunami. If a tsunami occurs, Ships subjected to tsunamis may incur damage to mooring ropes and
from drifting during entrance and departure of harbors. Extremely serious accidents, such as those

that occur when a ship is stranded or collides with a quay, could occur.
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Fig. 1.5 Numerical simulation of the moored ship motions in Chapter 6
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Many methods of numerical simulation have been studied and developed for ship motions that
occur as the result of waves and winds (Kubo, 1987; Ueda, 1984). And, there have been comparisons
of the frequency of hydrodynamic forces and wave-exciting forces (Aoki et al., 1994; Ueda et al.,
1980). In recent decades, there have been many comparisons of ship motions and wave structure
attributed to long-period waves in a time domain (Sakakibara, et al., 2001; Sasa, 2002).

However, until now, there have been no reports on numerical simulations of the effect of tsunamis
on moored ships. On the other hand, since the tsunami consists of several minute component waves,
there is a possibility of resonance with the long-period motion of a mooring vessel.

Consequently, the numerical simulation procedure proposed to analyze the motions of a moored
ship due to the initial attack of a large-scale tsunamis and the effects on the motions and mooring
loads are investigated. The effects of drag forces are considered by using the numerical simulation

method and applying it to two cases.
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Chapter 2 Field Observations Regarding Ship Operations within a Harbor

Although mooring problems have been studied in detail for decades, the safety of ship handling as
ships enter and exit harbors in wave action has not been studied.

Chapter 2 contains an estimate of ship operations based on field observations of large ships in a
harbor facing the Pacific Ocean. Navigation is most threatened as ships enter and depart harbors in
waves propagated by typhoons, particularly as they approach quays.

In order to evaluate the difficulty of ship operations, field observations were performed, and grasp
was done concerning about the time series characteristic that ship motions change rapidly as a ship
enters a harbor. Namely, Such observations enable the quantitative evaluation of the effects of waves

on the safety of ships entering and departing harbors in heavy weather.

2.1 Problems of Ship Operations

Fig.2.1 shows the relationship of the motions of a ship with each situation encountered in marine
transportation (Sasa, et al., 2003a). Fig. 2.1 illustrates that a ship’s most important motions change

depending on the situation.

> Entering and —> .
On Navigation P Departing Harbor Mooring in Harbor
HEAVE HF:E(')AIYLE SWAY
ROLL PITCH SURGE
PITCH YAW YAW

Fig.2.1 Ship motions in relation to various situations

2.1.1 Entering and Departing Harbor

Breakwaters, which are built to protect harbors from waves and create an area of calm water in a
basin, should be designed so as to provide safe navigation in and out of harbors, safe mooring, and
efficient cargo handling at miscellaneous port facilities (Tsinker, 1997). Breakwaters may, however,
become an obstacle to navigation in and out of a harbor. To maintain safety during the entrance to

and departure from a harbor, it is necessary to give attention to ship motions, such as heave, roll,
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Chapter 2 Field Observations Regarding Ship Operations within a Harbor

pitch, and yaw, as shown in Fig. 2.1.
2.1.2 Mooring in a Harbor

Mooring lines frequently break and fenders are often damaged in Japanese harbors, particularly
when they face the Pacific Ocean. The main cause of this damage is the large motion of moored
vessels due to long-period waves (Coastal Development Institute of Technology, 2004). When ships
moor in a harbor, it is necessary to pay attention to ship motions, such as surge, sway, and yaw, to
prevent such problems.

Without observation results, it is impossible to accurately evaluate and analyze the safety of ship
operations in each situation. Consequently, in this chapter, field observations performed in each
situation (during navigation, entering and departing a harbor, and mooring) using a ship motion
measurement system is used to analyze data from observations as ships enter, depart, and moor in

harbors.
2.2 Composition of the Measurement System

The new observation system was developed to evaluate the safety of shipping operations during
navigation and entering, departing, and mooring in a harbor.

This observation system consists of three systems of measurement: GPS, optical fiber gyros, and a
gyro compass. GPS is used to observe the positions, motions, including sway, surge, and heave, and
velocity and acceleration of ships in each direction. The optical.fiber gyro is used to observe the ship
motions of pitch, roll, and yaw and the velocity and acceleration of motions of rotations. The gyro
compass is used to observe the course of a ship and a ship’s yaw. The data observed in each system
are transferred to a personal computer through a data management unit. These transferred data are
calculated in the computer, and each observation parameter is obtained in each time step. These data
are finally recorded to an MO disk drive. Three modes of GPS are available: RTK (Real-Time
Kinematic), DGPS, and normal The RTK mode requires that a base station ashore, shown in Fig. 2.3,
calculate the positions by the difference between the ship station and the base station. The accuracy
of the observation is within lcm in this system, although this mode is only usable within a 2km
range of the base station. In contrast to the RTK mode, the DGPS and normal modes do not require a
base station. The accuracy is within 1m when the DGPS mode is used for the observation in a
coastal zone. When ship motions are observed, an appropriate mode of GPS has to be selected for

various conditions of ships and sea areas (Sasa et al., 2003a).
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Fig. 2.2 Measurement equipment of ship motions on board

GPS Antenna
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Fig. 2.3 Measurement equipment of ship motions on shore
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Chapter 2 Field Observations Regarding Ship Operations within a Harbor

Figure 2.4 shows the input screen of a ship’s principal information, including the sensor’s
position and time interval of the observation in the system used.

Input screen data, such as the ship’s center of gravity, are shown in Fig. 2.5. By taking this step,
the calculation of a ship’s motions based on its center of gravity position can be accurately
performed.

Additionally, Fig. 2.6 provides an example of a ship motion measurement from each axis. It also
illustrates the maximum, minimum, and average values in each ship motion.

The spectrum analysis results of ship motion in each mode obtained in the manner described

above are shown in Fig. 2.7.
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Fig.2.7 Spectrum analysis result of ship motion in each mode
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2.3 Field Observation in Typhoon Seasons

2.3 Field Observation in Typhoon Seasons

2.3.1 Observation Condition

In this study, field observations were conducted using the measurement system in typhoon seasons.
Two kinds of ships were used for these observations. One was the “Sun Flower Satsuma,” which is
the car ferry of the Shosen Mizui Ferry Company that ran between Osaka and Shibushi from 2001
through 2002. The other is the “Ferry Kochi” of the Osaka Kochi Express Company that ran
between Osaka and Kochi from 2003 through 2004. Figure 2.8 shows the navigation tracks and
target ships. Table 2.1 shows the dimensions of those target ships. Table 2.2 shows the operation

outline of the experiments that were used for analysis in this study.

2 el

@ KOCHI

@ (2001~2002) @ (2003~2004)
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Fig.2.8 Tracks of the navigation and target ships
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Table 2.1 Dimensions of target ships

Name Sun Flower Satsuma Ferry Kochi
Length over All (m) 186.0 118.14
Breadth (m) 25.5 21.0
Displacement (t) 14,120 6,375
Draft (m) 6.0 4.5
G.M (m) 3.25 1.5
Table 2.2 Operation outline of the experiment
Case Time of Observation Weather Remarks
July 7, 20:00 ~ July 8, 08:45 N
2002-01 6" storm in 2002
July 1, 21:20 ~ July 2, 06:00
Sep. 3, 20:00 ~ Sep. 4, 09:00
2002-02 16™ storm in 2002
Sep. 4, 21:20 ~ Sep. 5, 06:00
Jun 30, 22:00 ~ July 1, 06:30 X
2004-02 8" storm in 2004
July 1, 21:20 ~ July 2, 06:00
July 28, 22:00 ~ July 29, 06:30
2004-03 10™ storm in 2004
July 29, 21:20 ~ July 30, 06:00
2004-04 Aug. 26, 03:00 ~ Aug. 27, 02:59 16" storm in 2004 unmanned observation

2.3.2 Taking Advantage of Internet Weather Information

Currently, many Internet websites provide free weather information that includes forecasts, wave
size, and warnings of earthquakes and tsunamis. Also when conducting this experiment, it referred to

information such as the course of typhoon and real situation of significant wave information by

Nationwide Ocean Wave Information Network for Ports and HarborS (NOWPHAS).

By using Internet weather information, ship safety may improve as risks from typhoons and

atmospheric depressions are reduced.

Figure 2.9 contains examples of typhoon information and weather charts from the Japan
Meteorological Agency. Figure 2.10 shows the real situation of significant wave information

supplied by (NOWPHAS), an observation and analyzing system for coastal waves along the coast of

Japan (Nagai et al., 1994). Any information received from NOWPHAS should be confirmed with the

target port so that valuable ship motion data can be obtained.
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2.4 Observation Results of Ship Motions

2.4.1 Ship Motions near the Harbor Entrance at Kochi

Breakwaters are built in order to reduce wave effects; however, they become a significant obstacle
to ships entering and departing a harbor. Usually a ship enters a harbor at sufficient speed to
maintain maneuverability. A ship’s motion may change suddenly and violently at the harbor
entrance as a result of waves and swells, Therefore, entrance to a harbor may become more difficult.
In other words, ship motions near a harbor entrance are one of the most important factors to evaluate
when assessing the difficulty of ship handling.

Figure 2.11 is an illustration of the routes of a target ship approaching the harbor entrance of the
port of Kochi.

When swells propagate from the southeast, a ship usually navigates under the head sea while

departing. Consequently, the ship motions change remarkably at the harbor entrance.

)]
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Wave Observation Point
(NOWPHAS)

/ Port of KOCHI '
‘ B

Fig. 2.11 Routes of the target ship near the harbor entrance at the port of Kochi

Figure 2.12 is a time series of ship motions, showing the heave, pitch, roll, yaw, speed, and
course observed at 21:43-22:03 on July 1, 2004, near the Kochi harbor entrance. The ship motions
suddenly increase as the ship passes a breakwater, as shown in Fig. 2.12. When the ship departs, the

maximum amplitude of roll and pitch is 4 degrees, and the heave is 2 meters.
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Fig. 2.12 Time series of ship motions as a ship departs a harbor (Case 2004-02)
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Figure 2.13 is also a time series of ship motions on July 29, 2004, as a ship was departing. The

maximum amplitude of pitch is 3 degrees, and the heave is 1.5 meters.
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Fig. 2.13 Time series of ship motions as a ship departs a harbor (Case 2004-03)
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2.4 Observation Results of Ship Motions

Figure 2.14 presents the time series of ship motions observed during experiment number 2004-04.

As the ship departs, the roll and yaw patterns are similar.

4 Heave (m) Harbor Entrance I

4 Pitch (deg)

l!||| 7 ““ ‘Ml |H‘ ‘”‘ ' }\l
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Fig. 2.14 Time series of ship motions as a ship departs a harbor (Case 2004-04)
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2.4.2 Ship Motions near the Harbor Entrance at Shibushi

Shibushi is in southern Japan and faces the Pacific Ocean. Grain carriers or small container
carriers, in addition to the daily ferry service, enter the harbor. It has been reported that mooring is
difficult in some berths when swells or waves are propagated by winds from typhoons or
atmospheric depressions. The Shibushi port layout and navigation route at the harbor entrance are
shown in Fig. 2.15. Long breakwaters were constructed to protect the harbor from waves propagated
from offshore. The entering ship alters its route rapidly as it approaches the harbor entrance. Since
the swells propagate from the south to the southeast, the ship usually navigates at the following sea
during the entering. In contrast, the departing ship faces the head seas. Hence, there is a remarkable
difference in the ship motion depending on whether the ship is entering or departing the harbor (Sasa

et al., 2003b).

N Inner Terminal

Shibushi Port
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Alter Course |
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Fig. 2.15 Port layout and navigation route at the harbor entrance
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2.4 Observation Results of Ship Motions

The time history of observed ship motions, including heave, pitch, roll, yaw, speed, and course, in
Case 2002-01 is shown in Fig.2.16. As evident from this figure, ship motions increased at two points.
The first occurred as the ship altered course at the harbor entrance. The motions of pitch, roll, and
yaw gradually increased at this point. The second change occurred near the quay of the ferry
terminal within the harbor. After the ferry entered the breakwater, the ship motions temporarily
decreased.

However, the roll reached 2-3 degrees for more than 10 minutes when the ferry was berthing at
the quay wall, reversing its engine, and using the thruster. Namely, berthing is especially difficult
near a quay wall because of the large roll motion, even when a ship is in a harbor, This is a very
serious phenomenon for ships and harbors because it makes it difficult to handle a ship under these
situations. The captains reported that berthing is difficult due to the rolling motion caused by waves.
The forward speed is almost zero during this procedure. The increased roll motion inside a harbor is

typical in spite of the small waves (Sasa et al., 2003b; Sasa et al., 2003c).
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Fig. 2.16 Time series of ship motions as a ship enters a harbor (Case 2002-01)
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2.4 Observation Results of Ship Motions

Figure 2.17 shows the time series of ship motions for 40 minutes as a ship is departing a harbor.
Most ship motion increases considerably in the head seas when the ferry is crossing the harbor

entrance as it departs. As the figure indicates, it is evident that a ship heels at the harbor entrance.

6 Heave (m) Harbor Entrance

1 Yaw (deg) (Observed by Gyro Compass)

3 1
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Fig. 2.17 Time series of ship motions as a ship departs a harbor (Case 2002-01)
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Figure 2.18 shows the time history of ship motions observed for 40 minutes in Case 2002-02. The
pitch is small, and the roll increases at the harbor entrance, when compared with the findings

reported in Case 2002-01 in Fig. 2.16.
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Fig. 2.18 Time series of ship motions as a ship enters a harbor (Case 2002-02)
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2.4 Observation Results of Ship Motions

In case 2002-02, the departing ship faces the head seas. Thus, the pitch motion reached 3 degrees
as a result of swells. beyond the harbor entrance. In addition, the maximum heave was in excess of

6m near the harbor entrance.
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Fig. 2.19 Time series of ship motions as a ship departs a harbor (Case 2002-02)
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2.5 Conclusions

This chapter contains estimates of the difficulty of ship operations within a harbor. Safety

evaluations are based on field observations of two large ships in a harbor facing the Pacific Ocean.

Furthermore, evidence from a time series is presented showing that there are rapid changes in

the characteristics of a ship’s motion.

Based on the analysis, the obtained results are summarized below.

M

@)

®)

4)

©)

(6)

™

Field observations were carried out several times to obtain numerical data of ship motions in
the typhoon season. The observation method makes it possible to observe ship motion in
stages of navigation as a ship enters, departs, and moors in a harbor.

Ship handling is more difficult at the entrance of harbors that face the open sea. This
phenomenon is caused by the effects of waves rather than winds or currents.

The difficulty of ship operations was evaluated, and field observations were performed.
Time series and other data were used to gain information about the characteristics of ship
motions and how they change rapidly at a harbor entrance.

It is possible to quantitatively evaluate the influence of the waves and to evaluate ship safety
as ships enter and depart a harbor in heavy weather.

Ships are obviously affected by rough waves, especially as they enter and depart harbors. Ship
motions tend to become more significant near a harbor entrance.

Berthing operations are especially difficult near a quay wall because of the large roll motion,
even when a ship is in a harbor. This is a very serious phenomenon for ships and harbors.

It is necessary to develop numerical simulation models for ship motions in waves as they

enter, berth, and depart a harbor.
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Chapter 3 Safety Evaluation by New Index from Visibility of Entering Ship

3.1 Introduction

It is very important to keep the ship operations safety in stage of maritime transportation. The
safety is severely influenced by oceanographic conditions such as waves, winds and currents more
than air transportation.

It is not always possible for ships to enter the harbors safely, in other words, limitations exist
when facing to the open sea under severe wave and wind conditions, particularly when small vessels,
do not have the same seakeeping abilities as larger vessels.

Questionnaire surveys on the difficulties of entering into harbors facing to open sea proved that
the main reason of the trouble was ship handling near the harbor entrances in many cases (Kubo, et
al., 1992);(Kubo, et al., 2003a). In such cases, it turned out that navigators have difficulty beyond
our expectations. Thus, it is necessary to grasp the detailed operational situations by field
observation.

Field experiments of ship motions carried out from an offshore area to the harbor entrance,
moreover waves were simultaneously observed at four points in a fairway. Therefore, through in this
study, it is possible to definitely evaluate the relation between entering vessels and waves in trouble
operational cases.

Additionally, in the case of small vessels, the dangerous phenomenon, which the fore landscape is
invisible through ship motions and the high waves height, is happened. If that happens, it is known
that most of navigators feel difficulty in maneuvering. So in this section, a new safety index is
developed for ships entering into harbor and it is possible to evaluate the visibility or invisibility of

the harbor facility by analyzing relation between ship motions and waves.

3.2 Observation System of Ship Motions and Waves

It is very important to grasp ship motions under serious sea conditions from the standpoint of the
ship operations safety. Therefore, field observation carried out in order to improve the safety in ship
entering harbors by observations. And the goal of this observation was to give careful consideration
to safety evaluation index by ship motions. Further, waves observation system was developed to

analyze dangerous waves (Kubo, et al., 2000a; Kubo, et al., 2000b).
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Chapter 3 Safety Evaluation by New Index from visibility of Entering Ship

3.2.1 Ship Motions Observation System

This system consists of two parts, an on-board system to measure ship motions (i.e. GPS, prism
reflector etc.) and an on shore system (i.e. laser tracking positioning unit, GPS, data analysis unit,
etc.) as shown in Fig.3.1(a). Both systems can observe 3-axis angles of movement (roll, pitch, yaw)
and 3-axis accelerations of ships (x, y, z), speed, location, angular speed and angle within 10 km

range from the shore.

r—{ Observation System on Boardj———

Telemeter Buoy
Prism Reflector

72128
@ 17
Ship Motion Measuring Unlt )
N B Digital  Digital
Telephone Telephone

Computer

Measurement Unit
(DL2) ///

within 10 Km
Observation System on Sho%

= Laser Tracking
|-|| Positioning Unit

Computer

(a) (b)

Fig.3.1 General figure of ship motions & wave measurement equipments

3.2.2 Waves Observation System

It is very important to predict wave characteristics near the harbor entrance for the purpose of

evaluation of ship safety. Therefore, waves were observed simultaneously at four points on a

fairway.

e



3.3 Field Observation under Heavy Weather

Observed wave data were the water pressure, wave height, the supersonic wave height and the two
dimensional current speed at the sea bottom, with a sampling interval of data of 0.2sec. Fig.3.1(b)

shows the composition of wave recorder.
3.3 Field Observation under Heavy Weather
3.3.1 Conditions of Observations
The field observation was carried out during January 4™~8", 2000 at Kasumi Port facing to open
sea in Japan. The period from November to March, sea conditions become very serious due to the

effects of atmospheric pressure. So, in many cases, it is easily occurred to cancel of navigations

(Kubo, et al., 2003a). Fig.3.2 shows weather chart near Japan from January 5 to January 9, 2000. It

shows typical pattern of distribution of atmospheric pressures with narrow bands in winter seasons.

January 5 January 6 January 7

Fig.3.2 Weather charts on January 5-7

The target ship used in the experiments is about 20G/T class fishery boat as shown in Fig.3.3. And

the layout of Kasumi port, entering patterns and location of experiment units, is pictured in Fig.3.4.

(unit: m)

L=20.10 «— B=4.54 —>
Reflection Prism 227 i

ﬁz,gs* %rvf

Oscillation
Sensor ~|

o
.85
7.05

Fig.3.3 Principal particulars of target ship
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Chapter 3 Safety Evaluation by New Index from visibility of Entering Ship

Ship motions were observed on-board data, such as roll, pitch, yaw, accelerations, and the data
collected at ashore, such as ship position, heave, speed, when ship enters from outside to inside of
harbor. Observation data including wave conditions was analyzed by eight cases as shown in Table

3.1.

ST-44 «— Wave Recorder
(Ocean Bottom Type)

Wave Recorder
(Buoy Type)

Offshore Breakwater

N h

TTelemeter Buoy
Submarine Cable

150m

Wave Recorder Kasumi
(Ocean Bottom Type) Entering Pattern Port

0 100 200
(m)

Fig.3.4 Layout of port and entering patterns
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3.3 Field Observation under Heavy Weather

Table 3.1 The cases of ship motion observations

Case Date of Experiments Wave Conditions
1 Jan. 5™ 10:37~10:54 Hys: 2.1m, Tyj3: 8.3s
2 Jan. 5™ 13:32~13:37 Hys: 1.4m, Tys: 8.7s
3 Jan. 6™ 16:13~16:21 No data
4 Jan. 7" 10:00~10:17 Hys: 1.3m, Tyjs: 5.4s
5 Jan. 7" 10:27~10:34 Hys: 1.4m, Tyj3: 5.8s
6 Jan. 7" 11:06~11:11 Hys: 1.6m, Tyjs: 6.0s
7 Jan. 7" 12:01~12:06 Hys: 1.8m, Tys: 6.5s
8 Jan, 7" 13:49~13:53 Hy5: 3.0m, Ty3: 10.3s
1.0 o — = — pressure-type wave gauge
-~ < --- ylfrasonic wave gauge
tu 0
8 = ;
E |5 \ 4 a 1
125 4. AL &, % N
g it nn A 1
© i 3t oy oLk i
kS O'O_l }‘ i i::f b Tf g
i | Y T
o P LIEE %RL U E«
8 g 0ot U ¥
Sos4 1 4 ¥ 4
%) -0.5 T i 4 5
¢ g
-1.0 T T T T T T T T T 1
300 320 340 360 380 400

Time (sec)

Fig.3.5 Comparison of wave height between pressure-type wave gauge and ultrasonic wave gauge

Wave observations were carried out from 10:00 to 16:00 at 10 minutes intervals. Fig.3.5 shows

the comparison result of wave height between pressure-type wave gauge and ultrasonic wave gauge

observed in this study. In this section, wave height was calculated by time series of water pressure at

the sea bottom.
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Chapter 3 Safety Evaluation by New Index from visibility of Entering Ship

Fig.3.6 and Fig.3.7 show the ship tracking in the stage of entering harbor in Case 7 and 8.
1800 [ e T N
o

600 -

200 e

-200 I L L i L
-2000 -1600

Fig.3.6 Ship tracking in Case 7

JBOQ [rrvovreree oo voseesom s pems e
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200 -

-200 e
~2000 -1600
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-1200

Fig.3.7 Ship tracking in Case 8
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3.3 Field Observation under Heavy Weather

3.3.2 Results of Observed Ship Motions

speed of target ship and

pitch),

roll,

>

Fig.3.8 presents the result of the ships motions (heave

spectrum of ship motions in Case 7. The extreme value of amplitude shows that ship motions

approximately 1 meter in heave, 6 degrees in roll and pitch motion.
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Fig.3.8 Time series and spectrum of ship motions
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Chapter 3 Safety Evaluation by New Index from visibility of Entering Shi

And also, the ship motions in Case 8 are shown in Fig.3.9. The extreme value of amplitude shows

that bigger ship motions more than Case 7, approximately 2 meter in heave, 8 degrees in roll and

pitch motion.
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3.3 Field Observation under Heavy Weather

3.3.3 Results of Observed Waves

Fig.3.10~Fig.3.11 show calculation result of significant waves by day at Station-1 and Station-4
respectively. As the figures indicate, the waves becomes high from 12:00, and the significant wave

height reaches over Sm when around 15:00 in case of Station-4.

Station-1

——4th Jan.
- - -~ 5th Jan.

6th Jan. A
—_— 7th Jan‘ TR T OO U UUUUP SR . M

Significant wave (m)

b — — —— T [—
10:00 11:00 12:00 13:00 14:00 15:00 16:00
Time (Hour)

Fig.3.10 Comparison of significant waves at Station-1

Station-4
| —4th Jan. .
6th Jan. . i
—-—- 7th Jan. i

Significant Wave (m)

? e [ [ — —
0:00 11:00 12:00 13:00 14:00 15:00 16:00
Time (Hour)

Fig.3.11 Comparison of significant waves at Station-4
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Chapter 3 Safety Evaluation by New index from visibility of Entering Ship

Fig.3.12 shows the time series of waves by period and power spectrum on Jan. 7" during
12:00~12:10 (significant wave height: 1.76 meter, significant wave period: 6.57 sec). Frequency
properties were analyzed in each band of wave periods in order to view the frequency characteristics
of waves in detail. Moreover, when the waves approach a moving ship, it is necessary to calculate in

v

the form of encounter waves during its travels.

Observed Wave History | ST-4 (12:00-12:10)

1.5

! !

-1 L

'10 12'0 240 360 480 600
Time (s)

() (m’s)

Power Spectrum of Obeserved Wave

107 10 10 1
Frequency (Hz)

Fig.3.12 Time series and spectrum of observed waves
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3.3 Field Observation under Heavy Weather

Fig.3.13 also shows the time series of waves on Jan. 7" during 13:50~14:00 (significant wave

height: 3.0 meter, significant wave period: 10.3 sec). And wave direction in each case, which was

observed distribution of water velocity, as shown in Fig.3.14.
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Fig.3.13 Time series and spectrum of ship motions
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Fig.3.14 Distribution plotting by water velocity

3.4 Development of New Safety Evaluation

Using the observation results of the ship motions, some evaluation indexes already has announced
to pay attention to ship motions under several weather such as acceleration index, approaching index
to obstacle and rolling index and so on (Kubo, et al., 2000b);(Sasa, et al., 2003b).

The questionnaire surveys concerning ship’s entry problems proved that navigators feel that there
are difficulties regarding the safety of entering harbor under rough weather conditions. And in such
cases, it turned out that navigators have difficulty in maneuvering beyond our expectations.

Especially, in case of small vessel like fishery boat, the dangerous phenomenon, which the fore
landscape is alternately invisible in high waves, is occasionally happened under rough weather
(Kubo, et al., 1999)

In this section, the safety evaluation index, with regard to visibility of landscape is newly
developed by quantitative analysis. It becomes possible to evaluate visibility of the harbor facility by

relation clarification between ship motions and wave effects.

3.4.1 Relation between the Center of Gravity and Operator’s eyes

Since it is difficult to obtain directly the relation between viewpoint (i.e. operator’s eyes in bridge)

in bridge and waves, we transformed coordinates several times in order to express on the basis of the
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3.4 Development of New Safety Evaluation

operator’s eyes. First, it was necessary to convert from coordinates at the laser tracking positioning
unit to those at the wave recorder at Station-4. The position of the wave recorder at Station-4 was
made the new origin of ship position. Second, it was also necessary to transform the prism reflector
data to the coordinates, on the basis of the ships’ center of gravity, because the ships’ position
coordinates were calculated in the prism reflector above the bridge. Fig.3.15 shows procedure for

coordinates transformation of the ship position and motions.

[ Observation Results of Ship motions, Position, Speed

|

Coordinates Transformation of Ship Position Coordinates Transformation of Ship Motions
s
Coord{n.a te.s of L?ser Tracking Coordinates of Prism Reflector
Positioning Unit on Shore L

v

~

Coordinates of the Ship Center of Gravity
) v

[ Coordinates of Wave Recorder at ST-4 1 Goordinates of Viewpoint at Bridge

\ [
v

[ Development of New Safety Evaluation Index J

Fig.3.15 Flow chart of coordinates transformation

Fig.3.16 shows the coordinates transformation from the coordinates of prism to the center of
gravity in case of roll. Furthermore, we must consider a vector analysis as shown in Fig.3.16(b)
because the ships’ course was not the same as the axis of coordinate system.

Hence, the coordinate system was transformed on the basis of the center of gravity by ship

motion’s effects like roll, pitch and yaw were obtained as follows in Egs.(3.1)~(3.3).

Y,
Xag =X, +(Ym¢9 tany +%82]00501—Zm sin¢sin 6,

roll effect

pitch effect (3 1)
+Y,, (cos 6, —cos(0, + <p))— Y, cos6,
yaw effect

Y, .
Yic = Vs +| Y0 tany +%’6?2 sin@,+ Z,, sin g cos 6,
roll effeci
pitch effect o (3'2)

-Y, (sin(@1 +@)-sinf, )— Y, sin 6,

yaw effect
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2

0
236 =23 — | Y0 - Y 7tam/; +Z,,(1-cosg)-Z,,

(3.3)
Il effect
pitch effect roll effec
Y3 [ Rolling ]
A Y4
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<
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Q
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v
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> X
A > X3
(b) Z,,singsinf,
Fig.3.16 Flow chart of coordinates transformation
Y3
A Y, [ Pitching ]
-«
£
LA
Nﬁ
- > X5
Z,,sinfcosb,

®)
Fig.3.17 Flow chart of coordinates transformation

Furthermore, it was necessary to convert into the reference coordinate system on the basis of

operator’s eyes for visibility evaluation. It can be expressed as in Eqs.(3.4)~(3.6). Fig.3.17 shows the
coordinate transformation from the center of gravity to operator’s eyes in case of pitch. Also, a

vector analysis is taken into consideration as shown in Fig.3.17(b).

Xy =Xy — Ly Sinf cos )~ Z,,singsin 6,
pitch effect roll effect

(3.4)
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3.5 Concerning of Laser’s Vertical Angle

Yig =¥ — 2Ly Sin@sinb, - Z,, sing cosf, (3.5)
pitch effect roll effect
Zyp =235 + Loy — Z,5(1 - c080)—Z (1 - cosg) (3.6)
pitch effect roll effect

3.5 Concerning of Laser’s Vertical Angle

The setting problem of laser’s vertical angle was observed while we are confirming the z-axis
calculation in the Eq.(2.6). The relation of vertical height measurement is shown in Fig.3.18. The
vertical angle (v) was defined as the angle between positive z-axis direction of laser unit and ship’s
prism. And lets be the angle between parallel direction of laser unit and prism, then it makes an
angle of 90°-v. Consequently, vertical height (Z,) calculates by means of dxsin s . Thus, the value
becomes negative.

As long as the calculation of vertical height from laser unit on shore to prism, it is found out
accidentally that the water level become higher by more than 3 meters in comparison to the inner
harbor as shown in Fig.3.19. On the other hand, there was a study that the water level in the harbor
increased due to typhoon tidal surge (Sawaragi, et al., 1982). For that reason, it is concluded that
above observation result is in opposition to the normal phenomenon.

Hence, adjusted calculation carried out in form of lower angle more than an angle of 90°-v in
calculating § . The value, which obtained from a little lower angle, is 89.85°-v is shown in Fig.3.19.
In case of calculation by 89.85 degrees, it is found that it is equal to the average z-axis height

between the outside and inside the harbor.
Vertical Angle(v) ... |

§j 777777777777777777777777777777777777777777777777777777777 ;’ 72.‘ 77777777 :i; Euser Unit It
| R W
| N7

D.L

Fig.3.18 Relation of vertical height measurement

-47 -



Chapter 3 Safety Evaluation by New Index from visibility of Entering Ship

According to circumstances, it is possible that there was a difference in average water level
between outside and inside the harbor. Concerning of this difference of water levels, it was
necessary to carry out observations in detail in order to analyze the water level variation at the

harbor entrance.
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Fig.3.19 Comparison of vertical height by difference of angles
3.6 Distribution of the Sea Surface at Observation Area

In this section, waves information needed to obtain not by wave recorder, but by receiving wave
for a moving ship in the fairway, namely encounter waves. Thus, it was necessary to calculate
encounter waves around the entering ship as obtained from Eq.(3.7). Firstly, the observed waves

elevation was approximated by Finite Fourier series as follows:

N/2-1
7= 2 [Aj cos(al.t)+ B, sin(crjt)]+ %ccs(awzt) (3.7)
=
where, 0 : an angular frequency of jth component wave, ¢: time, 4; B;: Fourier coefficients.
By using the 4; B;, the height of the encounter waves 7, the moving ship position (x, y) can be
calculated numerically by rearranging the equations as follows:

N/2-1
n(x,y)= 2 [Ai cos(ojt+ijcosa +kjysina)+Bj sin(ojt+ijcosa +k;y sina)]
& 3.8)

A :
+%cos(amzt +kyxcosa+ky,,y sma)

where, k; : wave number of the jth component wave, « : encountering wave angle, the direction of
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3.6 Distribution of the Sea Surface at Observation Area

the major waves obtained by the electromagnetic current meter, x, y: the coordinates system as
setting the origin at wave recorder position.

Fig.3.20 presents a ship’s track while entering into harbor and the calculation method of encounter
waves condition on Case 7. In this study, in order to evaluate visibility index, encounter waves at the
moving ship were needed for estimating every moment through the following steps.

First, calculated a linear equation (Line ) in parallel with the incident waves direction. Then, it
was possible to calculate the distribution of the surface like waves heights on Line @. Second, we
drew Line @), the so-called wave front, between the peak value on Line @O and perpendicular to
Line . Finally, we calculated an intersection of Line @ and Line 3, which is close at hand on
the ship’s track, on the basis of wave recorder (Station-1). With this, it is possible to know the
distribution of the surface on the track, and estimate encounter waves moment by moment during

entering into harbor.

[ Case 7]
4D [
1000 - e
: 0«\(6
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_600 ul Il L 4 il 1 1
-2000 -1600

Fig.3.20 Ship’s track and calculation of waves condition
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Chapter 3 Safety Evaluation by New Index from visibility of Entering Ship

3.7 Presentation of New Safety Evaluation

Through the basis of the coordinates of operator’s eyes and distribution of the surface waves, the
new safety evaluation index can be present during entering into harbor. First, calculated maximum
wave angle () among the peak value to reach the waves on the basis of operator’s eyes. Secondly,
calculated the facility angle (3,) to reach the standard facility on shore. Finally, by comparison with
B> and B, we could judge whether the forward standard facility is visible or not. The general figure

of the calculation is shown in Fig.3.21.

*B,) B, :invisible B, { B, :visible Zs

“Angle of Wave(B,) = tan™ 1/‘11 s
- Angle o Facility (5,) =tan b, a, | BP

241 m

J_‘ Y

Fig.3.21 General figure of new safety evaluation index

— — —=— Angle of Waves (8)
g - o Angle of Facility (ﬁz)

Angle (Deg)

1 —
0 20 40 60 80 100 120 140

Time (sec)

Fig.3.22 Evaluation result of new safety index by comparison of angles
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3.7 Presentation of New Safety Evaluation

Fig.3.22 shows the comparative results of the angles between B, and B; in case 7. As shown in
figure by drawing a circle, the new safety evaluation index can judge fore landscape of standard
facility is invisible by analyzing the relation between ship motions and waves due to B; being larger
than B,. In this case, it is known that navigators feel the ship is in danger during these operating

conditions.
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Fig.3.23 Evaluation diagram of new safety index

By developed a new safety index, we can evaluate whether a case is visible is (+1) or invisible is
(-1). The frequency of occurrence of evaluation results in Case 7 is shown in Fig.3.23. By means of
evaluation diagram as shown in Fig.3.23, the invisible probability was 32.25% from the initial
entering stage to the harbor entrance. Consequently, it is found that the invisible phenomenon is

happen at a high frequency in Case 7.
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Chapter 3 Safety Evaluation by New Index from visibility of Entering Ship

3.8 Conclusions

In this chapter, field observation carried out concerning of ship motions and waves to evaluate

ship safety, and present the new safety index concerning of visibility of the harbor facility by

analyzing relation between ship motions and waves.

The following are some of the conclusions that can be reached from this chapter.

M)

@

©)

)

®

It is shown that the method of coordinates conversion from the observed position of prism to
the operator’s eyes through the center of gravity is a viable method. Using this method, it is
possible to evaluate a visibility index on the basis of operator’s viewpoint.

It is found that the difference of water level between outside and inside of a harbor. That is
caused by error of the laser’s vertical angle. Consequently, the refining the method was
recommended by adjusting the vertical angle.

It is performed the calculations of encounter waves, which receiving wave toward moving
ship in the fairway.

A new safety evaluation proposed from visibility in order to improve on the safety of ships
entering harbors. As a result, the newly developed safety evaluation index makes it possible to
evaluate the sense of danger by quantitative analysis in a seaway.

It is necessary to build the prediction model of waves and ship motions within a harbor in

order to exactly evaluate ship operations safety from now on.
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Chapter 4 Prediction of Wave Series in Harbor for the Safety of Entering Ships

4.1 Introduction

It is very important to keep the ship operations safety within a.harbor. Oceanographic conditions,
especially waves, have a significant influence on safety in the ship operations. Estimates of wave
action are necessary for the precise evaluation of its potential threat to ships.

The study of waves and their impact on shipping within harbors is an important aspect of the
design and operation of harbors. The prediction of incoming groups of waves is particularly
important for evaluating ship motion within a harbor. Such a prediction makes it possible to evaluate
ship safety more accurately. The prediction of wave action near the harbor entrance, the most
hazardous area for navigation, makes it possible to evaluate ship safety more precisely.

Harbor safety was evaluated from the viewpoint of visibility in Chapter 3. An equally important
aspect of safety is the accurate prediction of wave action.

Waves, which are the main source of ship motions in a seaway, considerably affect the
performance of a ship. To understand the effects of waves, it is necessary to understand ocean waves,
which are not regular but highly complex in nature (Bhattacharyya, 1978). Namely, the
transformation of irregular waves which ocean waves are a complex process to exactly understand.

In this chapter, the wave transformation model based on the Boussinesq equation is used to predict
a wave series near a harbor in shallow water. This wave information support system appears to be

useful to entering ships because it predicts the wave series.

4.2 Numerical Model by Boussinesq Equations

Accurate numerical simulations of wave disturbances within harbors require that both nonlinear
and dispersive wave processes be considered in order to capture physical effects such as wave
refractions, reflection, diffraction, and nonlinear wave interactions. Boussinesq equations are in the
simplest class of mathematical models that contain all these effects in a variable depth of shallow
water (Walkley, 1999). Therefore, within the area of Boussinesq-type modeling, significant progress
has been made in the last 10 years. Consequently recent findings have shown that both theoretical
and practical nonlinear performance can be considerably improved for general coastal applications.

On the other hand, in its original form, this principle was introduced by the French mathematician
Boussinesq in 1872. However, for more than 100 years, the attraction of the theory was primarily

academic, and it was only applied to weak, nonlinear regular waves in shallow water.
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Chapter 4 Prediction of Wave Series in Harbor for the Safety of Entering Ships

4.2.1 Derivation and Classification of Approximate Equations

The linearized shallow-water approximation is useful only if the following two length ratios are
small:

U=k, <<1 and ¢ =2 1 4.1)
0

In this chapter, an approximation procedure for variable depth is illustrated using the formalism of
Peregrine (1967).

-1

(%, y) =ko(x',¥"), Z=Z—, t=ko(ghy)"’t', n=Z—, ¢=[ %o (gho)‘”] ' (42

d 0 a, 2 d ad), a /2
= =—2(g h , — lg.h u,v 4.3
(u,v) = [6 ay ]¢ ] (go 0)1 [ax; ay']d) P (go )1 @',V 4.3)
d¢ 1 12 8y 6¢' 1 a, 12
=—" =—|gh -t =———\gh]"w 4.4
Y koho( o) h, 0z’ kb, by (gn) 4

The difference in scaling for the horizontal and vertical components is required by the continuity.
The normalized equations are as follows:

Continuity equation:

R AN,
2 + + = O 4.5
”[aﬁ oy’ | az° *3)
Kinematic boundary condition:
‘uz a_T]+£ %a_n+a_¢_§_7l =a_¢, Z=¢€n (4.6)
ot ox dx dy dy 0z
Dynamic boundary condition:
Ep) 1 3\ 0\ (94\
Pl s utn+=dute| | +pte|l = | +el—=]| =0 z=¢ 47
v A Ll I 2 oy p n 4.7)
Bottom boundary condition:
a¢ oh 8¢ E)h 99 :
— =- , z=-h(x, 4.8
0z # (ax ox  ax ox (-3 “9)
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4.2 Numerical Model by Boussinesq Equations

We may expand it as a power series in the vertical coordinate (Mei, 1989)

¢(x,y,z,t) = Z[Z +h(x3y)]n¢n (x:)’:t), h= 0’172 (49)

d0 0
Using V to denote the horizontal gradient | —,— |,
dx dy

b (6,y) = u’vie +2u*(n+1)Vhvg,,,
i (n+2)(n+1)
Next, the following formula will be obtained if Eq.(4.10) is substituted for Eq.(4.8) and

, n=012- (4.10)

similarly applied.
u'Vh-Vg,
(n+1)

If these formulas are used, a series expansion of the velocity potential to the 4th order will be

G =-— (n=012--) (4.11)

given.

b =0, - ,ﬂ{(z +h)Vh-Vg, + %(z +h)2V2¢o}
(4.12)

4

1
e n PR Vg + Lz +h) Vg, L 0uf)
2 12
4.2.2 Boussinesq Equation Expressed by the Depth-Averaged Horizontal Velocity

The definition of the total depth of water is D =h+ €7, and the horizontal velocity at the
bottom is defined using Eq.(4.13)
u, =Vg, (4.13)

Instead of U, , we may introduce the depth-averaged horizontal velocity u defined by

(Vh-Vu, +VA(V-u,)

1 e 1 e
ﬁ=—fV¢dz=——f uo—yz(z+h) 1 +-|dz
_h _h - 2
D D +2(z+h)V u, 4.14),
2 2 ‘uz
—u, -2 D(Vh-V)u, -£-DVH(V-u,)-£- DV,
2 2 6
which can be inverted to give
2 2 ‘le
u, =u+ %D(Vh V) + %DVh(V W) + ?DZVZE +0(u*) (4.15)

-57-
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For weakly nonlinear and moderately long waves in shallow water, we approximate Eqgs.(4.16)

and (4.17) to include only 0(8, u’ )

n, + V| +h)a|=0 (4.16)

T +0-Vi+gVy =%V[V-(hﬁ,)]—%2~V[V-ﬁ,] 4.17)

4.2.3 Boussinesq Equation Expressed by the Flux (Peregrine, 1967)

The flux (the depth-integrated velocity) of the x and y directions is set to P and Q,
respectively. It becomes the integrated form from the bottom of the water to the surface in the

perpendicular direction.

n_ _ —
(P,Q}=fh u, dz ={u(e17 +h),v(£17 +h)} (4.18)
A continuity equation will be obtained if the definition of Eq.(4.18) is applied to Eq.(4.16).

d oP o
9n 3P 0 (4.19)
ot dx dy
Next, this continuity equation is integrated with a momentum equation, Eq.(4.17), expressed by
the depth-averaged horizontal velocity from the bottom to the water surface in the perpendicular

direction. Then, we can obtain the momentum equation expressed by the flux.

x direction:

2
P pd, 8 (P, 2 (PO
ot ox ox\ D ay\ D
(4.20)
=u2£ 63P+63Q s Py, @ (Q
2 | ox?or  oxoyar | 6 |ax®ot\h | oxoyor| h
y direction:
2
£+gDa—n+8 i Q +i Q_
ot dy ax\ D | oyl D
(4.21)

_pe2|P(P e K| o (PY & (0
“12 axaydr ay’at) 6 |oxdyor\h) oy’or\h)

-58-



4.2 Numerical Model by Boussinesq Equations

4.2.4 Extended Boussinesq Equation with Improved Dispersion Characteristics (Madsen and
Serensen, 1992)

The numerical model is based on a special type of depth-integrated equation derived by Madsen et
al. (1991); Madsen and Sgrensen (1992) enhanced the linear dispersion characteristics and shoaling
properties of the flux-type Boussinesq model.

Using the mild-slope assumption, the terms of Eqgs.(4.20) and (4.21) can be modified using the

linear long-wave approximations

aP an
—+gh—= 4.22
ot 8 ox “.2)
99  an91 o (4.23)
ot ay
By spatial differentiation and combination of these equations, we arrive at
[/ 43 3 3 3 1
62P+ 0°Q +gh6_737+6772
ax“ot oxdyot ax”  dxady
Y, = u’Bh® (4.24)
2
ax ax ay dy dxdy
O°P | ] (
Bxayat ay ot x> ay ay
¥, = u’Bh’ (4.25)
oh 9* oh 3’
+g Ly g 73 +221
dx dxdy ay | ox ady

Multiplying Eqs.(4.20) and (4.21) with the frequency dispersion terms and adding these to Eqs.
(4.24) and (4.25), respectively, finally yields the new Boussinesq equations which adds the terms of

energy dissipating coefficient, the friction at the sea bottom and wave breaking.

oP on 9 ( P? PQ f P a’P 9°P
—+gD—+—|— |+ +eP+———P,/P’+0Q° -
ot 8 o Tax| D ay( D 2D? Q x®  ay’

1 3P 3 2
=|B+=|n’ + iY + Bgh’ an 6172 hah 1aQ + Bgh o (4.26)
3 ox’9t  oxadyot ox’ axay dy | 6 dxot axay

2
h%lap+1aQ 2tha77+tha17
3oxor 6 dyot dy
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@ 677 PQ Q_2 L [p2 2 _ 3’0 3’0
ot vebo ax(D) 6y(H]+£Q+2D2Q P+ V(6x2+ay2)

9y
3 3 3 2 2
= B+l h* o°P aQ h’ _6277 +6_737 +hah 16P+th677 (4.27),
3 axayat dy’ot ox-dy dy dx | 6 dyot oxady
2
hah 13P+16Q than+2th 77
dy | 6 oxat 3 dyor ax ay’

where, P and Q are the depth-integrated velocity component in the x and y directions at each
calculation mesh point, 7 is the surface elevation, 4 is the still-water depth, D is the total water
depth, B =1/15 is the parameter for optimizing the dispersion characteristics, f is the coefficient
of the friction at the sea bottom, Vv is the coefficient of the vortex dynamic viscosity at breaking

waves, and ¢ is the coefficient of the energy dissipating at the coastal line.

4.3 Assessment of the Boussinesq Model for a Wave Series in a Harbor

In this section, the Boussinesq wave model named NOWT-PARI Ver.4.6. 3, which is under
development at the Port and Airport Research Institute (PARI), was verified with physical model
measurements carried out for a harbor entrance with regions of shallow water. This model is
applicable to the estimation of wave transformation with good accuracy for port and harbor planning
and shore protection studies (Hirayama, 2002). For the purpose of evaluating ship motion near a

harbor, it is of the utmost necessity to predict the incoming wave groups.
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Fig.4.1 Characteristics of wave series by questionnaire surveys

4.3.1 Characteristics of Wave Groups

It is generally known that high waves tend to be observed successively, showing high wave
groups and low wave groups (Sawaragi, 1995). The grouping of high waves may influence the
long-period oscillation of moored vessels and other floating structures, which are subjected to
irregular waves (Goda, 1985). In addition, wave groups significantly influence ship safety as vessels
enter and depart ports.

Consequently, it is necessary to understand the characteristics of incoming wave groups to provide
safe conditions for navigation. Questionnaire surveys on wave characteristics have shown that

navigators find it most difficult to navigate wave series, particularly, a succession of high waves.
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Chapter 4 Prediction of Wave Series in Harbor for the Safety of Entering Ships

Furthermore, the findings have shown that most navigators rely on their practical experience to
determine the best times to enter a harbor during a period of low waves.

As shown in Fig.4.1, many harbors show the characteristic of “3H 4L”(3 high waves, 4 low
waves), but there are also harbors that show the characteristic of “3H 8L” (3 high waves, 8 low

waves) in the Pacific Ocean side (Kubo et al., 1996).

4.3.2 Calculation Conditions of the Boussinesq Model

The coordinate system in this numerical model is illustrated in Fig.4.2. The governing equations
have the form of Eqs.(4.18), (4.26) and (4.27), as discussed in the previous section.

The definition of the mesh calculation and the setup of the calculation domain are shown in
Fig.4.3. In this model, the position at I=I0 is set as the incident boundary, and the calculation is
performed so that incident waves transfer in the positive direction of the x-axis from there. Moreover,
the energy absorption is built by the arrangement of a sponge layer around the incident boundary.
Non-reflective conditions within the boundary can be realized by arranging the sponge layer.
However, in order to realize the non-reflective conditions using an energy absorption term, the

length of the sponge layer needs to be about twice that of the wavelength of the incident wave.

Incident Wave

Fig.4.2 Definition of the coordinate system
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Fig.4.3 Definition of the calculation boundary

Calculation model of nonlinear wave transformation (NOWT-PARI) J
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Calculation of principal wave direction & direction in each frequency

Analysis of wave groups using SIWEH waves

Coincidence inspection of wave prediction

Supply with wave series information for entering ship

Fig.4.4 Calculation procedure of this numerical model
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4.3.3 Application of the Boussinesq Model to Kasumi Port

Kasumi Port is located in Hyogo Prefecture, Japan. Figure 4.5 is a setup of the calculation domain
for Kasumi Port. Two kinds of wave recorders were installed near the harbor entrance. One is a
submarine type at Points 1, 2, and 4, and the other is a buoy type at Point 3, as shown in the figure.
Hence, the time series data arranged in the position shown from Points 1 to 14 are calculated in the
simulation. Using the boundary condition, three breakwaters are arranged in 1200mX925m. The
difference mesh interval is 5m. Water depths range from 5m to 15m. The setup regarding the

structure or land is also performed by inputting the depth, such as —1999m. Simulations were carried

out for 1200s considering time steps of 0.2s (Kubo et al., 2005).

.00 0 500m
o 4— | '

¥ X
i
{
i
j P2@® ——
"
{ P3 @
y
- 2
B" 43,,/0
o P4 @ 2, ‘s
3 13 % > -
{ % .y
{ 2

KASUMI Port

Fig.4.5 Hydraulic model at Kasumi Port

Table 4.2 Calculation condition in this numerical model

Height and Period Main Direction | Component Wave Smax
H1/3: 1.46 m .
22 deg. 204 25
T1/3: 8.48 s
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Figure 4.6 is an illustration of the observed wave history and spectrum results for 20 minutes on
January 5 from 13:40 to 14:00, at the time when the numerical simulation was carried out. At that
time, a significant wave height was 1.46m, and a significant wave period was 8.48s. As may be also

seen in Fig.4.6, the phenomenon of wave series can be clearly observed.

Observed Wave History (m) Point 1

1.2

Point 4

|
1000 1200
Time (sec)

. S() (m’s) Power Spectrum of Obeserved Wave at Point 1

10

Frequency (Hz)

Fig.4.6 Observed wave history and spectrum

-65 -



Chapter 4 Prediction of Wave Series in Harbor for the Safety of Entering Ships

4.3.3.1 How to Give Incident Waves

Irregular waves may be separated into some component waves by carrying out the Fourier
transform of the irregular wave profile. Furthermore, the wave direction of these component waves
is not uniform, such waves are referred to as multi-directional random waves. Generally, offshore
waves are multi-directional random waves.

As usual, offshore waves are given by the directional spectrum using the typical energy balance
equation, which is one of the methods used for calculating waves.

With this method, the spatial change of the wave energy in each frequency is calculated. By
overlapping the waves linearly, the wave energy propagation in a target sea area is calculated.
However, in order to analyze the time series in this study, it is necessary to calculate the incidence of
the wave profile, which changes constantly, and not that of something averaged by the spectrum.

In order to calculate the incidence as a time series, the Fast Fourier Transform of the observed
wave profile at Point 1 for 20 minutes was used. Since the number of data required for spectral
analysis is based on 2" pieces, in this case, 4096 pieces of measurement wave data are required for
the numerical calculation. And it gives on incident boundary by making irregular wave formed by

formula (4.1) obtained information of component waves into time series.
n =2{a" cos [k,,(xcosﬁ,, +ysin6n)—ant+£n]} 4.1),

where a, f, 0,, and €, are the amplitude, frequency, wave direction, and initial phase of the n-th

regular waves, respectively.
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Fig.4.7 Comparison of incident waves
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4.3 Assessment of the Boussinesq Model for a Wave Series in a Harbor

For confirmation, the incidence wave calculated at Point 1 was compared to the wave profile
generated by the model to determine whether they had the same value. Since the offshore wave at
Point 1 is given as an incident wave, it should be in agreement with the generated wave at Point 1 by
the numerical model. Both were found to be in agreement, as shown in Fig.4.7. However, waves are
generated gradually, from 0 to 20 seconds, because the process whereby waves are generated takes

time to be set up.

4.3.3.2 How to Determine Wave Direction

Generally, each wave direction of component waves is given with S,,,,, (spreading parameter) and
a random number by the directional function, which shows the energy distribution of a wave.

However, it is possible to calculate wave direction, not only principle direction but also in each
frequency due to the current velocity was also measured together when waves observed in this study.
The Lissajous figure is determined for each component period given by Eq. (4.2), the wave direction
is estimated relative to the component period in the diagram, as shown in Fig.4.8 (Mizui et al.,
2003).
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Fig.4.8 Wave direction by the component wave velocity

U, =4, cos (ait)+ B, sin (a.t

H

)
V., =A, cos (a,.t)+ B, sin (a,.t)

1

4.2),
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where 4, and B, are the Fourier coefficients of the main component current speed for the east-west
direction, 4, and B, are the Fourier coefficients of the main component current speed for the
north-south direction, O ; indicates the frequency in each component wave, and findicates the
elapsed time.

Figure 4.9 shows the plotting result of the current velocity distribution in order to determine the
main wave direction. From this figure, the principle direction of this model is set up with 22 deg

from the x-axis.

Y (m/sec) Point 1

0.6

0.4}

0.2

.Y

0.0 N TS S -

-
e =

-0.2

0.4

095 -0.4 0.6

X (m/sec)
Fig.4.9 Plotting result of the current velocity distribution

4.3.4 Wave Prediction near the Harbor

To predict the wave near harbor entrance, the incoming wave given as an offshore wave at Point 1
and the propagated wave at Point 4 are calculated. The accuracy of this model is examined by
comparing the wave profile calculated by this model and observation data obtained by a wave
recorder at Point 4.
4.3.4.1 Wave prediction by adjustment of the number of component wave

4.3.4.1 Wave Prediction by Adjustment of the Number of Component Waves

The wave profile that is dependent on the wave direction is divided and compared in four cases

(Table 4.2 reference). As shown in Table 4.2, it is calculated by adjusting the number of component
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4.3 Assessment of the Boussinesq Model for a Wave Series in a Harbor

waves.

First, in Case 1, the calculation is conducted by inputting only the main direction. Second, 10
pieces with large amplitude are selected; ten Lissajous figures, such as those shown in Fig.4.8, are
then made, and the angle in each frequency is inputted in Case 2. Third, in Case 3, 20 component
waves are calculated. In Case 4, the direction of 30 waves is inputted in the same way.

If wave direction is uniformly given by the principal direction alone, differences with actual cases

will probably be observed.

Table 4.3 Calculation case regarding wave direction

Wave direction RE; gex Related Figure
Case 1 Constant 114.8 Fig.4.12
Case 2 10 components 121.3 Fig.4.13
Case 3 20 components 110.3 Fig.4.14
Case 4 30 components 82.9 Fig.4.15

4.3.4.2 Analytical Method of Wave Series

Goda (1976b) and Kimura (1980) theoretically investigated the statistical quantities, such as the
probability distributions of the run length and the total length of high waves. In Kimura’s theory,
which is accepted in practical use, the correlation between two successive waves is taken into
account (Sawaragi, 1995).

Funke and Mansard (1980) proposed the following new parameter GF (groupiness factor) to
provide additional information of the wave grouping besides the run length and the repetition length
of high waves.

The method for analyzing a wave series is classified as follows.

A. Analyzing by wave height

B. Analyzing by wave envelope

C. Analyzing by energy change of wave

From the viewpoint of the continuity of the phenomenon, methods B and C are excellent. Method
C, used in this study, is called a smoothed instantaneous wave energy history (abbreviated SIWEH);
it shows the time change by the smooth value of the wave energy and calculates the square root of
SIWEH (RE(t))

RE(t) = JE(t) 4.3)

E(t)= % [[n*(t+7) Q@) de (4.4)
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where T is the time lag, T, is the peak period of the wave spectrum, E() is SIWEH, and Q( T ) is the

data window for which they recommended using the following function.

o(r) =1—[|r|/.’l'"p) : |r’sTp

Q@) =0 fe>T, #2)

If the square root of SIWEH is used, it is possible to predict a small wave group at the stage of a
ship entering a harbor. That is, the square root of SIWEH is used by wave group prediction, because
it is easy to treat wave characteristic more than time series, and it can be also expressed both small
wave series and large wave series.

Figure 4.10 expresses the procedure used to compare the results after the square root of SIWEH is
calculated. It is the result that two upper figures comparing the time series wave profile of predicted
value and observed value, with the value of square root of SIWEH. Moreover, lower figure compare

with two square root of SIWEH.
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Fig.4.10 Method used to calculate waves

4.3.4.3 Accuracy Evaluation by Index

The wave prediction method examined in this study does not predict time series waves; rather, it

tends to predict small wave series (i.e., a succession of low waves) using the square root of SIWEH.
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A comparison of the observed and calculated values of the time series calculated at Point 4 is
shown in Fig.4.11. Although the two wave profiles are shown to generally agree, their degree of

accuracy cannot be evaluated using this figure.
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Fig.4.11 Comparison of time series at Point 4

Therefore, in order to evaluate the coincidence of a wave series quantitatively, a new index was
developed. This evaluates the area which integrated with the difference of observed and predicted
value about whole time. This index will be set to zero if the two square roots of SIWEH coincide. It
calculates after removing till 200 seconds (1,000") in this formula. It is required time that waves

generated at Point 1 turn into stationary wave at Point 4.

N
RE,, = };O |REi,,, — REi,,,|xdt (4.6),
i=1001

where N is the number of data, REi_,; is the square root of the SIWEH of the calculated value, REi s
is the square root of the STWEH of the observed value, and dt is the time interval.

The results of the comparison of observations by a wave recorder and those from the Bousinesq
model are shown in Fig.4.12~Fig.4.15.

It is found that Case 4, which is given both the principal wave direction and the 30-component
wave direction, is more accurate than Case 1. In other words, the wave direction is identical to the

actual wave.
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Fig.4.15 Results of the wave comparison in Case 4 (main direction + 30 components)
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4.3.5 Wave Prediction at a Specified Place without Wave Recorder

Wave recorders cannot be set up near breakwaters because they then become obstacles to shipping.
Therefore, wave transformation cannot be observed as it occurs violently near breakwaters.

Using this numerical model with only one wave recorder installed on the offshore side, even if
there is no wave recorder near the breakwater, wave series at specified places can be predicted.

The results of the prediction of the calculated wave and the square root of the SIWEH near the

harbor entrance are shown in Fig.4.16.
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Fig.4.16 Wave series prediction near a breakwater by the numerical model
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4.4 Suggested Wave Information Support System for Entering Ships

A wave information support system is suggested for use with the wave prediction model in this
study. If we know wave data offshore at one point, transmit real time wave data to on shore, then
wave transforming calculator calculates wave groups after 10~100sec. Moreover, such a system can
supply information on a wave series to entering ships. Consequently, the entering ship can take
measures to speed down or change its course to avoid the most dangerous maneuvering point (i.e.,

the altering point) due to abeam sea. If this system is made, it will improve safety for ships entering
harbors.

Furthermore, if a numerical model for the motions of ships as they enter and depart a harbor could

be developed in the future, it would provide a better support system for entering ships by predicting
waves and ship motions.
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Fig.4.17 General figure of the entering support system using wave information
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4.5 Conclusions

In this chapter, wave predictions at harbor entrances were performed with the Boussinesq equation

as one technique for improving the safety of marine transportation. In conclusion, this study the

following conclusions were reached:

1)

@

&)

Q)

®)

©)

@)

A nonlinear wave transformation model was applied in an actual port, and the accuracy of
calculations was examined by the SIWEH.

In time of calculation of wave information, wave transformation was calculated by giving
incidence not directional spectrum by typical energy balance equations but time series of
wave profile at offshore varies every moment.

Wave directions were given for all waves, not only the principal wave direction but also wave
directions in each frequency; furthermore, the different number of component waves was
estimated.

The prior prediction method of the wave series which vessel receives observed wave profile
was examined. Moreover, the prediction procedure of the wave group phenomenon was
shown.

A new evaluation index was proposed to inspect the coincidence of the wave group.

The accuracy of calculations obtained with the wave transformation model was improved by
inputting the correct wave direction in each component wave.

From now on, the establishment of strict boundary conditions will be necessary to improve

accuracy.
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Chapter S The Influence of Tsunamis on Moored Ships and Ports

5.1 Introduction

Recently, the earth scale disaster is occurring frequently. Under the effect of global warming, the
weather has become unseasonable worldwide. As a result, the tropical cyclones such as typhoons
and large scale of hurricanes occur more often than before. Hence, the earth is experiencing unstable
condition with many disasters such as storms and flood damages, as well as earthquake. Therefore, it
is necessary to consider what we can do to prevent disasters.

A disaster like an earthquake will inevitably occur in view of the probabilities. The active period
of earthquakes and the inactive periods repeat alternatively. The Great Hanshin Awaji earthquake,
which occurred 10 years ago, proves that the active period of earthquake (Kawata, 2005).

However, a natural disaster was not a conventionally assumed object of examination in ports and
harbor planning because its return period was too long. Recent warnings indicate that there is a
potential risk of massive earthquakes in Japan within the next 30 years. These earthquakes could
produce large-scale tsunamis.

This is the first time that a big earthquake is being argued in modern ages. For this reason, there is
no precedent. Consequently, assumed scenario is needed to consider according to the opinion
exchange of experts and numerical simulations.

This study is the first step toward a detailed examination of the main problem. It shows the
importance of a tsunami research from harbors and ship activities by showing many possible

scenarios. A tsunami has a great impact on ships, harbors and logistics after an earthquake disaster.

5.2 Characteristics of Tsunami Wave

5.2.1 Periodic Characteristics of Tsunami

Generally, tsunamis can be generated when the sea floor abruptly deforms and vertically displaces
the overlying water, hence it brought the rise and descent of a loose water level.

Tsunamis have the characteristics of a long period wave from several minutes to about 1 hour,
according to records maintained by the National Museum of Japanese History (2003). It turns out
that those long period wave characteristics are amplified in a harbor or inside bay. The period of
several minutes becomes an important factor in a resonance problem, when interacting with the

natural period of a moored ship (Kubo et al., 1999).
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Fig.5.1 is an example of a numerical computation of a tsunami wave profile (Koshimura, 2003). It
turns out that tsunamis have the various long period components. In this particular figure, the
predominant period shows 50 minutes.

As the domain for the study of a tsunami becomes larger, a more detailed mesh is required in
order to achieve an accurate numerical simulation. For this reason, detailed topographic effects will

be discussed in a future work.
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Fig.5.1 Numerical calculation of a tsunami wave profile by Koshimura

It is reported, as seen in a video taken during the 1983 earthquake in Japan, that the wavelength of
the tsunami was comparable to the length of a fishing boat. Furthermore, it is said that the short
period waves occur by reflection as the tsunami crashes against the islands. A sample computation of
the height of the tsunami resulting from the Nankai earthquake and the Tonankai earthquake is
reported now. According to this, when the height of the tsunami is about 5m in the pacific coast,
then height of tsunami in the Setonaikai becomes about 2-3m. In this case, the Setonaikai is
considered to be safe. However, from the viewpoint of periodicity, the reflection of the tsunami will
be repeated for about 8 hours in the Setonaikai producing short period waves in the process. Thus, it
produces a dangerous condition regarding moored ship. For these reasons, further improvement in

the accuracy of numerical computation is required.

5.2.2 Duration of Tsunami

1t is generally thought that the duration of a tsunami is brief. Although it is considered to be over

after the arrival of the first wave, we had better think that it continue for a considerably long time.
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5.2 Characteristics of Tsunami Wave

The reflection coefficient depends on the wavelength. Usually, wind waves disappear
considerably easily because the reflection coefficient of beach or quay is 0.3 to 0.5. However, as the
wave period becomes longer, the coefficient increases close to 1. It is for that reason that the
coefficient on a boundary is set to 1 on the conventional calculations of harbor oscillations. Because
of tsunami having the long period wave, the coefficient becomes closer to 1.

For this reason, reflection will be repeated inside the bay and it will not disappear easily.
Consequently, in the case when there is a harbor inside a bay, it is necessary to consider the danger
for both cases of high and low tide level.

When the tide is high, tsunamis progress inland wards. As a result, ships run aground. On the

other hand, when the tide is low, ships become stranded.
5.2.3 Effect of the Difference of Wave Direction by Wave Period

The period of a tsunami is shorter than a half day tide. For this reason, it will have a resonance
characteristic according to the size of the bay or harbor. Fig.5.2 shows an example in which the

stream direction is calculated for different wave period inside the port (Kubo et al., 1996).

Water Depth=5m )
= Incident Wave Direction=90deg.
Reflection Coefficient=1.0
212 AR

.,

_____

Wave Period
388sec.

Wave Period
159sec.

Fig.5.2 Change of stream direction by wave period
It turns out that the direction of the current inside a port changes remarkably according to the
wave periods. The difference in this current direction will have a big influence on the fluid dynamic
force of a moored ship (Ueda, 1984).

(1) Influence on the fluid dynamic force of mooring ship by the difference of current direction.

Fig.5.3 shows the difference in the fluid dynamic force that a ship receives for the wave direction
when a 10,000-D.W.T tanker is moored.
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Fig.5.3 Change of drag force by wave direction

If it received on a transverse direction, and the flow velocity doubles, then the drag force
increased 4 times by Eq.(1) (The Overseas Coastal Area Development Institute of Japan, 2002).

Such a dynamic force translates into the destruction of fenders and breaking of mooring lines.
R =0.50,CV’B 1)

where R is the drag force, o, is the density of seawater, C is the current pressure coefficient, V' is the

flow velocity, and B is the side-projected area of the hull below the waterline.
(2) Comparison of kinetic energy levels during ordinary berthing and during a tsunami

The kinetic energy of a ship during berthing E, is given by mV,’/2, with m being the virtual mass
of the ship and ¥V}, being its berthing speed. The kinetic energy of a ship E, as it is being carried away
by a current velocity V; is given by mV,>/2. For this reason, the ratio of kinetic energy and kinetic

energy at berthing is given by the following formula.

2

|2
v,

E
- @
E,

The berthing speed is about 10 cm/s, since when the current velocity of a tsunami is assumed to be
100 cmy/s, the energy is 100 times higher. Considering the kinetic energy by a tsunami strikes,
berthing facilities cannot bear. Fig.5.4 shows the result of the drag force in the case of a

135,000-D.W.T. LNG and a 10,000-D.W.T. cargo ship.
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Fig.5.4 Change of drag force by velocity
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5.3 Effect of Water Rising Produced by a Tsunami

5.3.1 Landing of the Drifting Material Produced by a Tsunami

A tsunami has not only periodicity, but also entails high water level rise. This has certain

similarity with storm tide under typhoon.
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Fig.5.5 Elevation of tsunami and landing condition of ships

Fig.5.5 illustrates the geometric condition in case of a ship running on a quay. If the height of the

tsunami(7 ) exceeds the sum of the height of the quay(a ) and the draft(d ), a ship landing occurs as

depicted in this figure.

Fig.5.6 Ship landing at Hokkaido in 1983
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A small ship, a pleasure boat, a car, lumber and an empty container are afloat besides a big vessel.
And it is necessary to examine destroying possibility of land structures like fuel tank, etc. by drifting
objects.

These floating objects may end up occupying the road, and thus obstructing logistics. The
recovery of land transportation starts by the removal of waste from the sea, while at the same time
the main role for relief activities must be played by the maritime transport.

Fig.5.6 is a photograph showing landed ships at Hokkaido after the tsunami strike in 1983. On this

photograph, a lot of ships can be seen to have run aground after the tsunami.
5.3.2 Chain of Tsunami and Fire

It is generally thought that there is no correlation between tsunami and fire because of the tsunami
being water. However, since vehicles such as ships and cars have fuel, they may cause a fire when

being crashed by a tsunami.
5.3.3 First Big Ordeal of Modernization

The last massive earthquake occurred in the Edo era. At that time, the used energy was just
firewood. And judging from an aspect of a fire, it may be said that it was a very tough social system.

On the other hand, our present life is carried on with the help of energies such as oil, LNG and
LPG. Many energy facilities are located in areas along the shore. Therefore, city life and energy
facilities are closely related.

Following the process of modernization, cities have grown closer to and more dependent on
energy related facilities. If a fire breaks out in an oil tank, it is said that it would be necessary to use
every available fire extinguisher in the country to put it out. It is known that given the right
circumstances, an earthquake with a period of 5-7 seconds may cause sloshing phenomenon inside a
tank as to break the tank lid open and cause a fire by the release of oil fumes. Fire prevention
measures will become an urgent problem as long as oil remains being the energy fueling our lives.

It is necessary to consider the possibility of tank destruction either by the force of the impact wave
of the tsunami or by collision with objects adrift.

1t is the opinion among the people concerned with tsunamis, that fuel tanks along the shore should

be underground as a way of minimizing risks in case of a tsunami strike.
5.3.4 Tsunami Hazard Chain

As noted before, big external forces that we had never considered until now do act on vessels and
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fuel storage tanks. We should not consider the phenomena individually, but as a chain instead.

( Tsunami Current )

Current Velocity : A few m/s
Designed Approaching Velocity : 10 cm/s

Fig.5.7 Effect of tsunami current

The external force of the tsunami current produces a big fluid dynamic force that affects ships. As
depicted in Fig.5.7, a conventional design is planned for an approaching velocity of about 10 cm/s.
The flow created by a tsunami is several m/s. If a ship rides on that current, it would collide with a
quay with almost same speed. In this case, kinetic energy increases drastically and will exceed the
strength limit of the facility (Kubo et al., 2001).

It is possible for a tsunami to create such an external force starting a hazard chain which might

lead to the spilling of hazardous material. This is shown in Fig.5.8.

N

Fire Breaking

Ship Collision Breakage of Ship Oil & Hazardous \ )
with Port Facility & Port Facility Chemicals Spill

\ Environment
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Fig.5.8 Tsunami hazard chain leading to the spill of dangerous materials

Although the case of a big ship is considered in Fig.5.8, there are many objects in a harbor having
a high potential to become adrift in case of a tsunami strike, i.e. small ships, fishing boats, pleasure
boats, cars, lumber, etc. Since most countries have empty containers stored on coastal regions, they
could easily become adrift. As fishermen live close to their fishing boats, they could have an
immediate response in case of a tsunami. However, since there are almost no owners of pleasure
boats living near the harbor, they could hardly respond in time. It is because of this reason that there
is a strong possibility for pleasure boats to become adrift.

When such objects are carried away by the high current velocity, and collide with the other
objects, they will be destroyed. The most dangerous objects are fuel and hazardous material storage
tanks.

In the worst scenario, an outflow of oil or flammable liquids such as LNG and LPG would take
place. If such a flammable substance leaks out, it would ride on the tsunami and spread with it. If the
spill reaches a populated area, it could result in a fire and if it spreads out into the sea, it may lead to
fishery damage. Whenever there is an accident resulting in oil spillage, the consequences will be

disastrous.
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5.3 Effect of Water Rising Produced by a Tsunami

Considering what is mentioned above, the phenomena occurrence probability differs according to
whether it happens inside a harbor or at berth. In the future, these issues need to be accurately
evaluated. Moreover, research on how to cut off the potential scenario becomes important. If we can

evaluate this problem, then prevention measures could be naturally implemented.

5.3.5 Ship Escape from Port

‘When many ships in port begin to escape at the same time in a disorganized manner, congestion or
collision may take place near the harbor entrance. In such a case, the harbor entrance could be
blocked. Being contrary to the original intention, greater damage might occur.

A tsunami is similar to a storm tide under typhoon. Then a continuous water rise takes place. We
must keep in mind that because of this water rising, the current has a remarkable high speed from the
outside of the harbor towards the inside. For this reason, it is said that an escaping ship could be
pulled back inside and then meet with a disaster. The escape should be attempted with enough time
margin before the arrival of the tsunami.

Consequently, it is important that by prior agreement a refuge place should be appointed for
disaster reduction in every port.

In addition, most large harbors are under the control of a harbor authority or a vessel traffic
system, in which case it is necessary to follow the direct operations including the forced movement

of vessels if deemed necessary.

5.3.6 Sand Drift, Waterway Burying, Stranding and Ceasing of Logistics Function

Generally, the current in a port is weak and its velocity is less than 1 knot. However, in the case of
a tsunami the velocity is nothing like this. According to a numerical computation, it is said that a
current of 8 knots could appear at the harbor entrance.

Such a strong current poses a big threat to a ship. It also causes the sand drift at the sea bottom,
which might result in the filling of channels, ship stranding and the closing of the port. Under these
circumstances, it would make entering ports impossible and would cause the ceasing of all logistic

functions.
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5.4 Coping with Port Works
5.4.1 Problem of Support Work

Ship activities are supported by many cross-industrial workers. For example, when a large ship
carry out an urgent departure, the support of tugboat is needed. However, the tugboat also needs its
own refuge. In other words, the range of possibility of mutual cooperation has to be settled between
cross-industrial workers.

Usually, it cannot be said for the ships to go out all at once from the harbor. It is necessary to
decide an order of departure for many ships to escape from the harbor in a short time. In other words,
the present system cannot respond adequately in the case of an emergency. It is also necessary to

investigate which ships can stay in port without need of an urgent departure.
5.4.2 Examination of Urgent Own Departure

A large ship cannot leave port without the support of a tugboat. It is necessary to investigate the
possibility of leaving port by its own means, even at the risk of damaging the ship or the quay
facility according to the circumstances. In order to leave port without tug support, we should
examine the rearrangement of harbor facilities, as well as the mooring of the ships in order to allow
an easier and faster departure by its own means, for example by mooring of bow looking towards the

harbor entrance instead of the opposite case.
5.5 Taking Tsunamis into Consideration at Port Planning
5.5.1 Periodicity of Tsunami

There was an evaluation item about a tsunami by a conventional harbor plan, but it actually
excluded from an evaluation object. Since there has been almost no ship damage by tsunami in the
past, it is thought that it has been removed from evaluation item until now.

Fig.5.9 shows the earthquake intervals for a prolonged period in Japan. As it goes back
historically, it turns out that these earthquakes happened with a certain periodicity. In this case, the
probability of occurrence certainly increases with every passing year since the last time when it

happened.
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Fig.5.9 Earthquake intervals for a prolonged period (unit: year)
5.5.2 Taking Tsunamis into Consideration at Port Planning

It is thought that a process mentioned above is the reason why tsunamis have not been considered
during port planning until now. However, as port planning is being reconsidered, we realize that this
was clearly a mistake.

It is required to reexamine port plans from such a viewpoint from now on. It is reported that there
is a high chance for a tsunami to strike around the year 2030. Because there still remains
considerable time, we should review those things that can be corrected by making changes in port

rearrangement.
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5.6 Conclusions

Tsunamis are important due to the loss of life and vast property damage that have resulted from

the larger ones in a viewpoint of ship operations. However, up till now relatively no study has been

reported on the effects of moored ships and ports by tsunami disaster.

This chapter shows the importance of a tsunami research from harbors and ship activities by

showing many possible scenarios. By assuming possible scenarios, it expected to reduce potential

damages.

The main conclusions of this study are summarized in the following paragraphs.

1)

@

G)

“)

©)

This tsunami matter began after modernization. The potential scenarios become important
because there is no precedent. For this reason, 1 enumerated disaster scenarios from the
viewpoint of the tsunami accident prevention.

It is expected that a tsunami after earthquake disaster has a great impact on ship operations,
harbors and logistics.

In order to achieve the best numerical computation, it is very important for researchers and
managers in charge of port arrangements to exchange opinions on the matter.

It is necessary to distinguish the case where the return period is long in earthquakes as being
different from the case where the long periodicity is decided from probability theory.

In the future, port plans should be formally estimated with regards to natural periodical
disasters such as tsunamis. Furthermore, we should also put port rearrangement plans through
a wider range of considerations. I wish to continue the research in order to be able to cope

with the extension of damage from the coast to populated areas in the future.
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Chapter 6 Calculating the Motions of Moored Ship Using Numerical Simulations

Moored ships facing open seas in Japan are frequently subjected to motion as a result of rough
seas that cause mooring lines and fenders breaking. This damage is attributed to wave action,
including long-period waves or swells associated with storms. Therefore, many studies have been
conducted to determine the motions of moored ships subjected to long-period waves,

On the other hand, tsunamis, which are long-period waves, warrant study because of their threat to
life and property in the shipping industry. Recent warnings indicate that massive earthquakes could
occur within the next 30 years. Earthquakes have the potential to generate large-scale tsunamis.

Tsunamis are a threat to ships entering and departing harbors and mooring; they result in broken
mooring lines and ships set adrift. And extremely serious accidents, such as stranded ships and
collisions with quays, may also occur. Despite these potentially serious problems, there are currently
no studies that deal specifically with numerical simulations of tsunamis and their effects on moored
ships.

Mooring problems related to the external forces of tsunamis are examined in this chapter.
Consequently, numerical simulations are proposed to study the motions of moored ships subjected to

tsunamis, and the effect of the initial wave is investigated.
6.1 Numerical Simulations Applied to Ship Motions
6.1.1 Outline of the Numerical Simulation Method

Numerical simulations consist of hydrodynamic analyses in a frequency domain and ship motion
analyses in a time domain as the motions of moored ships are examined. As the process begins, the
hydrodynamic and wave-exciting forces for moored ships must be calculated. Ship motions and
mooring forces can then be calculated by solving the equations of motion. There are two types of
equations of motion. One is the frequency analysis method considering linear mooring forces and
regular external forces, and the other is the time domain analysis method using numerical integration
in each time step. The latter is used to consider non-linear mooring forces and irregular external
forces. Thus, the time domain analysis is typically used to calculate the motions of moored ships
with the use of hydrodynamic and wave-exciting forces that have been calculated by hydrodynamic
analysis. Figure 6.1 shows the outline and flow of numerical simulations, and the six components of
ship motions are shown in Fig.6.2. Surge, sway, and heave are horizontal and vertical components,

and roll, pitch, and yaw are rotational components.
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6.1.2 Time Domain Analysis of the Motions of Moored Ships

The equation of motions is as follows (Cummins, 1962):

2 {M, +m,@)}5.0)+ i { [ 5 @)L, ~v)dr + D, (t)}

+ E(CU +G)x,(t) = F;(t) (j=12,-+,6)

(6.1),

where M: ship’s mass; m(°C): constant added mass; L(f): retardation function; D(¢): damping force
due to mooring lines and viscosity at time #; C: restoring force coefficient; G: mooring force
coefficient; and F(f): external forces at time z. The suffixed i and j show the mode of ship motions

(1~6). The retardation function and the constant added mass are calculated as follows:

L(t)= %J: B,(o)cosatdo 6.2)

m; () =A;(0)+ éﬁwL,.j (¢)sinot dt (6.3),

where A( ¢): added mass at &, and B( ¢ ): damping coefficient at 0.

When the radiation forces are expressed as a function of frequency (they are usually represented
by their value at a significant wave period), the method is referred to as a “significant wave period
method. And radiation forces are sometimes expressed as values at the time of the ship’s motion, in
which case the method is referred to as the “natural period method. Damping forces as a result of the
hysteresis property of mooring lines and viscous forces cannot be treated by a potential theory. In
this study, we use free-oscillation experiment data from a S00GT class ship (Kubo et al., 1980).

These damping forces are shown as follows:

D,(t) = a;x,(t) + bx,(t)| %,(t) | (6.4),

4a, 38
where a; =%{Mﬁ+mﬁ(w)} and b, =%{Mﬁ+mﬁ(°0)}; T: natural period of the

moored ship motions; and coefficients & and 8 are obtained as in Table 6.1.

Table 6.1 Damping coefficients due to viscous forces and mooring lines

Mode a B
Surge 0.5 0.0
Sway 1.0 0.0
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The drag forces are determined by using the time series of current as in Eq.(6.5) (The Overseas

Coastal Area Development Institute of Japan, 2002).
F. =0.5p0,CV*B (6.5),

where F, is the drag force; 0,is the density of seawater; C is current pressure coefficient; V is the

current velocity; and B is the side projected area of the hull below the waterline.

Wave damping forces are predominant when the time periods of ship motions are around
significant wave periods. Thus, other damping components do not significantly influence the motion
of moored ships. On the other hand, wave damping forces become small as the time periods of ship
motions become large. Other damping components become predominant when the time period of a
ship’s motion is about 1-3 minutes. Therefore, damping forces due to viscosity and mooring lines are
considered in the time domain analysis of Eq.(6.1). Ship motions, mooring line tension, and fender
reaction forces can be obtained in each time step of a time domain. In this study, simulation results
are evaluated by the maximum values, the minimum values, and the significant values, which are

obtained by statistical calculations.
6.2 Influence of the Initial Wave of a Tsunami on the Motions of a Moored Ship

In this chapter, a numerical simulations procedure is proposed for the motions of a moored ship
caused by a tsunami, and the effects of the initial wave of a large-scale tsunami on those motions are
investigated. In particular, the velocity potential, in consideration of the reflection effect, is derived
using surface elevation and current data. Furthermore, the wave direction of each component wave is

considered by Lissajous figure in order to obtain more accurate calculations.
6.2.1 Determination of the Surface Elevation and Current of a Tsunami

A tsunami wave profile is first determined, one that contains a surface elevation and currents
within a harbor and/or around a target berth. The surface elevation and currents are determined as a
time series by observation or by numerical simulations (Imamura, 1996). After that, the surface
elevation and currents at the target berth may be obtained. Figure 6.3 shows the surface elevation
and currents at the gravity center of a ship moored at a target berth. From this figure, the tsunami
height is nearly 5Sm. Currents u(east-west direction) and v(south-north direction) are estimated about
2m/s. In addition, Fig.6.4 shows the result of the power spectrum of the surface elevation used in the

simulation.

-96 -



6.3 Application of the Numerical Model

S
Ry Y
N [
L =)
% vy
H o
H (o))
) S
—_
o
gl 3 g
Mm c ~~ SJ m
EE2 b
((AM -.— \-‘
b e
o> > 53 =)
()] » vy
2 £ 2
i g ) ©
fo
“ M o
1
Lo 3
i | —
N
o
wy
(o]
—
o
(=
o
—
o
e
~
o
=1
)
o
)
(o]
° o

(s/w) (w)

Am. )

Time (s)

Fig.6.3 Time series of the surface elevation and currents of a tsunami

o
e
g
o
£ o
s h od
T
-
°
=
=
)
=
(3]
[
o
n @
o e
2
o
o
—
[
o~
£
A d
=
»n ¥
5 g PR
2 e o

Frequency (Hz)

Fig.6.4 Spectrum result of the surface elevation

6.2.2 Calculation of the Velocity Potential

Generally, numerical simulations of a tsunami can be used to derive a tsunami profile, which

includes the surface elevation and currents at arbitrary positions from the long-wave theory

(Imamura, 1996). On the other hand, the velocity potential at gravity center position can be used to

calculate the exciting forces and drag forces as well as the surface elevation. Tsunamis are

considered to be a superposition of long waves because the periods of those component waves are

sufficiently long. A calculation procedure in respect to the velocity potential and current velocity

calculated by using the surface elevation of tsunami is proposed.
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y
A

> X

Fig.6.5 Coordinate system

Tsunamis include not only incident waves but also reflected waves (Sakakibara, 2001).
Consequently, the coordinate system around the gravity center of ship is set as shown in Fig.6.5 in
consideration of the reflected wave effects. A tsunami approaches a ship with direction @, and then
the wave is assumed to be reflected at @ +180° and to continue to propagate in that direction.

First, the velocity potential of an incident wave in the case of a progressing wave is defined

below.

.

sm(ajt +k xcosw +kj.ysina))

Ngl 4,0, coshk;(h+z)
@, =
e

k,  sinhkh

J
"zl B,o, coshk,(h+2)
k; sinhk ;A

+ cos(ajt +k xcosw +kjysinw) (6.6)

J=

sm(aN/Zt +kypxcosw+ky,ysin a))

. Ay, Oy, cOshky, (b +2)
2k, 12 sinhk, /2h
Second, the velocity potential of a reflected wave is given by Eq.(6.7). The reflected direction

becomesw + T .

Nzl Ao coshk (b +
o, = Z S i Z)sin(ojt—k].xcosa)—kj.ysina))
oA | k sinhk h

j

& Bio; coshk,(h+2z)
+ -
JZ k; sinhk ;A

cos(ajt —ijcosw-kjysinw) 6.7)

.\ Ay, Oy, coshky ), (h +2)

sin(a t—ky,xcosw-k ysina))
2k,  sinhky,h N NP2
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Finally, the velocity potential of the incident and reflected waves at position (x, ¥)=(0,0) is given

as follows:

- + N/2-1 o, coshk;(h+z) A; sin(a.t+ijcosa)+k}.ysinw)
= + = -4 _Jr 7

"% 4|k, sinhkh +A;.sin(ajt—ijcosw—kjysinw
Naa g coshk . (h +2) | B; cos(a t+kxcosw+k ysmw)

2 ~ sinhkh  |+B ( -k —k ) ©8)
j sin + j COos O’jt ijOSa) jy sinw

Oy, coshky,(h+2) AN/zsin(aN/zt+kN/2xcosw+kN/2ysinw

2ky;,  sinhky,h |+ Ay, sinloyt —ky,xcosw—ky,ysin a))
where 0 is the angular frequency of the j-th component wave; £; is the wave number; 7 is the

distance to land; A4 i and B i show the Fourier coefficient of incident waves; and A;. and B;. show

the Fourier coefficient of reflected waves. In addition, the suffixes “I” and “R” denote the incident

and reflected waves, respectively.

The water particle velocities for the x and y directions are calculated by differentiating the velocity

potential with respect to x and y as in Eqs.(6.9)~(6.10). Surface elevation is calculated by
differentiating with respect to ¢ as in Eq.(6.11):

Nj2-1
u =%= }/= aj;;hlk7{/4j cos(ajt +kjr)—A;. cos(ajt—kjr)} Cos @
gy 1 . ’ o
+ 2 Ujm{Bj sm(ajt +kjr)—Bj sm(ajt—kjr)} cos w (6.9)
Oy 1

2 sinhk, ,h {AN/ 2 C()S(Orf"ﬂt +kypr )" Ay, COS(UN/Zt -k N/2r)}cos w
NJ2

b NE! 1 {4 }
V=—= o.———.coslot+k.r|-A coslot-k.rk|sinw
g ’sinhkjh J ( J J ) J ( ] J )

smhk {Bj Sin(aft+kir)"3;' sin(ojt—kjr)} sinw (6.10)

o 1 , .
N2 - {AN/2 cos(aN/zt +kN/2r)—AN/2 cos(oN/zt—kN/zr)}smw
2 sinhky,h
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@ &'o 1 {A
=, = L . coslot+k.r|+ A coslot-k.r
7 ot ,2 k; sinhkh J ( TR ) j ( =K )}

Nj2-1 ojz 1 {B . ( fik ) B'si ( & )} 6.10)
+ —L — — B sinlo t+k.r)+B sinlot-k r _
“ | k; sinhkh "’ i j itk
2
Oz 1 {A , }
+ cos\oy ot +ky ot |+ Ay, COSIOy ot =Ky ot
2ky,, sinhky ,h N ( N2 TN ) Nj2 ( Nf2" TEN/2 )

The surface elevation of the tsunami, which is given as an irregular wave, is divided into
component waves by Fast Fourier Transform (FFT). The currents derived from the tsunami
calculation are also divided into components by FFT, The wave directions for each component wave
are determined by individual Lissajous figures.

From the description of the procedure given above, the surface elevation and currents derived
from a tsunami simulation are related to the velocity potential for calculating all of the exciting and

drag forces on a moored ship.
6.3 Application of the Numerical Model
6.3.1 Conditions of a Moored Ship

The numerical simulation is applied to an actual vessel in order to investigate the effects of the
initial wave of a tsunami on the motions of a moored ship. The moored ship is a 135,000m° LNG
carrier in an offshore sea berth, as shown in Fig.6.6. The target ship is moored with 16 lines, which
are a 42mm-diameter wire rope with a nylon tail rope and 4 pieces fenders at breasting dolphin as
shown in Fig.6.7. In addition, Fig.6.8~ Fig.6.9 show the properties of the mooring lines and fenders
used in this study.

Each line is tested with a tension of 10 tons, and the natural periods of sway and surge are 61 and

146 seconds, respectively, at the initial condition.

Table 6.2 Dimensions of 135,(](]0m3 NG carrier

Length Over All LO.A 182.0 m
Breadth B 49.0 m
Metacenter Height GM 9.75m
Draft D 114 m
Water Depth h 131 m
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6.3.2 Reproduction by FFT and Abstraction Method of Components

The surface elevation and currents in Fig.6.3 show a time series at the gravity center of the ship.

First, the surface elevation is divided into several tsunami wave components by FFT. The number
of component waves is determined by the number of data (N) and time interval of the surface
elevation, At (in this case, N=256, At =10s, and the original data has a time series for about
2500s).

When reproduction carry out using all component waves, the surface elevation may be not good
according to decomposition capability in frequency. That is to say, the short period, which does not
exist in a real wave profile, is emphasized, and a reproduction of the long period wave may not be
seen. The threshold wave height is then established to select suitable component waves, which are
used in the calculation of the exciting and drag forces on a ship. The number of component waves by
the setup of a threshold wave height is referred to as Ne.

In this study, the threshold wave height is set at 2.5cm. A number of selected component waves is
given as Ne=21. When the threshold wave height is 2.5cm, the range of waves in periods is
T=2560s~80s, and their periods conclude with the natural periods in the surge of the moored ship.

The wave directions for the component waves are determined by making individual Lissajous
figures for each wave. In this study, the principal wave direction is set to be only one in order to
learn how the initial wave of a tsunami affects a moored ship. Figure 6.10 shows the principle wave
direction derived from the plotting result of the current data of a tsunami. From this figure, it is
determined as ®=--15deg. Furthermore, the wave direction for each component wave is determined

by Lissajous figures in each of 21 waves, as shown in Fig.6.11.

A
2.0

] S

0.0

w = -15deg.

-0.5

Current V(m/s)

-1.0f-

15[

'2'-%.0 -1>.5 .10 -05 00 05 10 15 20
Current U(m/s)

Fig.6.10 Determination of the wave direction by current data
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It is considered that the accuracy can be improved by precisely calculating the direction of each
component wave. However, although it estimated for principle wave directions from Lissajous figure,

it is found that other direction waves may be existed except main wave direction from this figure
especially near an ellipse.
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The influence of a reflected wave is not taken into account when the velocity potential is first

calculated. However, since there is a difference between the original data and reproduction resuits,

the effects of a reflected wave are also taken into account, as shown in Eq.(6.7). Figures 6.12~13

show the reproduction result of the current without the reflection effects.
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Figures 6.14~15 show the reproduction result of currents under reflected wave effects. The results

are more accurate than in the case of progressive waves exclusively.
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6.4 Motions of a Moored Ship Using a Numerical Simulation Method

A numerical simulation was conducted for these cases. The threshold wave height = 2.5cm and
Ne=21 whether or not drag forces are considered. Namely, the effects of drag force and currents are

being investigated.

6.4.1 Numerical Simulations without Drag Forces

Figure 6.16 shows the calculations of the motions of a moored ship with drag forces. The figure
shows that the heave of a ship is similar to the surface elevation. In the case of pitch, roll, and yaw,
the amplitude shows an extremely small value. The spectrum analysis result in the motion of each
ship is shown in Fig.6.17. The value for the peak in each mode is shown in this figure.

Figure 6.18 shows the calculated mooring line tensions at Line 1 (bow line), Line 8 (bow spring
line), Line 10 (stern spring line), and Line 16 (stern line) and the fender reaction forces at Fender 1
(stern side) and Fender 4 (bow side) without drag forces.

The breaking load of the mooring lines is 127 tons. The calculated line tensions exceed the safe
working load (42.3 tons), which is derived from a safety factor.

In addition to line tensions, large reaction forces are generated in all fenders. The allowable

reaction force is 416 tons (maximum deflection at 65%).
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Fig.6.16 Calculation results of the motion of a moored ship without currents
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Fig.6.18 Calculation result of mooring loads without currents
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6.4.2 Numerical Simulations with Drag Forces

Figure 6.19 shows the calculated motions of a moored ship with drag forces. Compared with
Fig.6.16, the properties are considerably different, and the motions are amplified. In addition,
spectrum analysis results in each ship motion are shown in Fig.6.20.

Figure 6.21 shows the calculated mooring line tensions and fender reaction forces. Significant
mooring line tension and fender reaction forces are induced in all lines and fenders, and the values,
which exceed 100 tons on the lines and 400 tons on the fenders, show the potential for breaking the
lines and compressing the fenders beyond their capacity and, ultimately, for drifting away from their
mooring at the jetty. It is also possible that the mooring facilities could be damaged. LNG carriers

pose a secondary threat because of their potential for explosion and fire.
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Fig.6.19 Calculation result of the motions of a moored ship with currents
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Table 6.3 is a summary of the maximum and minimum values for each ship motion. Although
there is no significant change in the surge and heave, the movement of the sway is larger than it is in
the case in which the current is not considered.

The values of the maximum load on mooring ropes and fenders appear in Table 6.4. As the
diagram indicates, the mooring line tension of the bow and stern lines increases remarkably more

than in a case without currents. Moreover, in the fenders, the reaction forces increase overall as well.

Table 6.3 Maximum and minimum values of ship motions

Values Without Drag Forces With Drag Forces
S () Max. 4.1 5.1
way (m
Y Min. -1.7 -1.7
S () Max. 3.0 3.0
urge (m
5 Min. -1.8 -1.6
Max. 4.8 4.8
Heave (m)
Min. -4.8 -4.8
Max. 0.05 0.05
Pitch (deg)
Min. -0.06 -0.06
Max. 0.08 0.14
Roll (deg)
Min. -0.9 -1.0
Max. 0.24 0.24
Yaw (deg)
Min. -0.11 -0.14

Table 6.4 Maximum values of mooring loads

Maximum Values l Without Drag Forces With Drag Forces ]
Line 1 (Bow line) 90.7 ton 112 ton
Line 8 (Bow spring line) 51.7 ton 49.6 ton
Line 10 (Stern spring line) 73.4 ton 73.2 ton
Line 16 (Stern line) 110 ton 122 ton
Fender 1 (Stern side) 330 ton 341 ton
Fender 4 (Bow side) 329 ton 340 ton

-115-



Chapter 6 Calculating of Motions of Moored Ship Using Numerical Simulations

6.5 Conclusions

In this chapter, the procedure used for the numerical simulation of the motions of a moored ship
bearing the brunt of large-scale tsunamis is investigated. In addition, the effects of the waves on the
mooring loads are examined. The effects of drag forces are considered by using the numerical
simulation method, which is applied to two cases. Based on the analysis conducted for this study, the

results are summarized below.

(1) In a large-scale tsunami, the drag forces due to the currents as well as the surface elevation
produce large sway and surge motions.

(2) When the highest or lowest water level of a tsunami arrives at the position of the moored ship,
the heave motion attains the maximum upside or downside position, and then large sway and
surge motions are generated.

(3) When large sway and surge motions are induced at the highest or lowest water level of a
tsunami, it is possible that mooring lines could break and that fenders could be compressed
beyond their capacity.

(4) The ship motions are enlarged considerably by the effect of drag forces.

In order to investigate the effects of the initial wave of a large-scale tsunami on the motions of a
moored ship, we applied a numerical simulation procedure to a 135,000m> LNG carrier moored at
an offshore sea berth.

More detailed examinations will be necessary to clarify the effects of tsunamis on the shipping
industry. Details, such as the type of ship, size, mooring system, condition of ship, and ballast,
should be examined so that countermeasures against such powerful forces of nature can be

implemented.
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Chapter 7 Conclusion and Future Subjects

It is very important to keep the ship operations safety in stage of maritime transportation,
especially within a harbor. It is characteristics that safety is severely influenced by oceanographic
conditions such as waves, winds and currents more than air transportation.

In this study, the ship operations safety evaluated within a harbor under the effects of waves and
tsunami. For the purpose of evaluation, field observations and numerical simulation were carried out
in order to estimate quantitatively the safety and efficiency of the vessel in consideration of waves
and tsunami. The purpose of this study, ultimately, is to secure ship safety and reduce the loss of life

and vast property damage within a harbor.

In Chapter 2, contains estimates of the difficulty of ship operations within a harbor. Safety
evaluations are based on field observations of two large ships in a harbor facing the Pacific Ocean.

Furthermore, evidence from a time series is presented showing that there are rapid changes in
the characteristics of a ship’s motion.

Based on the analysis, the obtained results are summarized below.

(1) Field observations were carried out several times to obtain numerical data of ship motions in
the typhoon season. The observation method makes it possible to observe ship motion in
stages of navigation as a ship enters, departs, and moors in a harbor.

(2) Ship handling is more difficult at the entrance of harbors that face the open sea. This
phenomenon is caused by the effects of waves rather than winds or currents.

(3) The difficulty of ship operations was evaluated, and field observations were performed.
Time series and other data were used to gain information about the characteristics of ship
motions and how they change rapidly at a harbor entrance.

(4) 1t is possible to quantitatively evaluate the influence of the waves and to evaluate ship safety
as ships enter and depart a harbor in heavy weather.

(5) Ships are obviously affected by rough waves, especially as they enter and depart harbors. Ship
motions tend to become more significant near a harbor entrance.

(6) Berthing operations are especially difficult near a quay wall because of the large roll motion,
even when a ship is in a harbor. This is a very serious phenomenon for ships and harbors.

(7) 1t is necessary to develop numerical simulation models for ship motions in waves as they

enter, berth, and depart a harbor.
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In Chapter 3, field observation of ship motions and waves carried out, and present the new safety

index concerning of visibility. The following are some of the conclusions that can be reached from

this chapter.

M
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©)

It is shown that the method of coordinates conversion from the observed position of prism to
the operator’s eyes through the center of gravity is a viable method. Using this method, it is
possible to evaluate a visibility index on the basis of operator’s viewpoint.

It is found that the difference of water level between outside and inside of a harbor. That is
caused by error of the laser’s vertical angle. Consequently, the refining the method was
recommended by adjusting the vertical angle.

It is performed the calculations of encounter waves, which receiving wave toward moving
ship in the fairway.

A new method to evaluate safety from the viewpoint of visibility is proposed to improve the
safety of ships entering harbors. The newly developed safety evaluation index makes it
possible to use quantitative analysis to evaluate hazardous conditions in a seaway.

It is necessary to build the prediction model of waves and ship motions within a harbor in

order to exactly evaluate ship operations safety from now on.

In chapter 4, wave predictions at harbor entrances were performed with the Boussinesq equation

as one technique for improving the safety of marine transportation. In conclusion, this study the

following conclusions were reached:
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A nonlinear wave transformation model was applied in an actual port, and the accuracy of
calculations was examined by the STWEH.

In time of calculation of wave information, wave transformation was calculated by giving
incidence not directional spectrum by typical energy balance equations but time series of
wave profile at offshore varies every moment.

Wave directions were given for all waves, not only the principal wave direction but also wave
directions in each frequency; furthermore, the different number of component waves was
estimated.

The prior prediction method of the wave series which vessel receives observed wave profile
was examined. Moreover, the prediction procedure of the wave group phenomenon was
shown.

A new evaluation index was proposed to inspect the coincidence of the wave group.
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(©6)

™

The accuracy of calculations obtained with the wave transformation model was improved by
inputting the correct wave direction in each component wave.
From now on, the establishment of strict boundary conditions will be necessary to improve

accuracy.

In Chapter 5, discussed the influence of tsunamis on moored ships and ports.

Tsunamis are important as the loss of life and vast property damage are resulted from the larger

tsunami in a viewpoint of ship operations. However, up till now relatively no study has been

reported on the effects of moored ships and ports by tsunami disaster.

This chapter shows the importance of a tsunami research from harbors and ship activities by

showing many possible scenarios. By assuming possible scenarios, it expected to reduce possible

damages.

The main conclusions of this study are summarized in the following paragraphs.

)

)

€)

4
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This tsunami matter began after modernization. The potential scenarios become important
because there is no precedent. For this reason, we enumerated disaster scenarios from the
viewpoint of the tsunami accident prevention.

It is expected that a tsunami after earthquake disaster has a great impact on ship operations,
harbors and logistics.

In order to achieve the best numerical computation, it is very important for researchers and
managers in charge of port arrangements to exchange opinions on the matter.

It is necessary to distinguish the case where the return period is long in earthquakes as being
different from the case where the long periodicity is decided from probability theory.

In the future, port plans should be formally estimated with regards to natural periodical
disasters such as tsunamis. Furthermore, we should also put port rearrangement plans through
a wider range of considerations. We wish to continue the research in order to be able to cope

with the extension of damage from the coast to populated areas in the future.

In Chapter 6, the procedure used for the numerical simulation of the motions of a moored ship

bearing the brunt of large-scale tsunamis is investigated. In addition, the effects of the waves on the

mooring loads are examined. The effects of drag forces are considered by using the numerical

simulation method, which is applied to two cases. Based on the analysis conducted for this study, the

results are summarized below.

M

In a large-scale tsunami, the drag forces due to the currents as well as the surface elevation
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produce large sway and surge motions.

(2) When the highest or lowest water level of a tsunami arrives at the position of the moored ship,
the heave motion attains the maximum upside or downside position, and then large sway and
surge motions are generated.

(3) When large sway and surge motions are induced at the highest or lowest water level of a
tsunami, it is possible that mooring lines could break and that fenders could be compressed
beyond their capacity.

(4) The ship motions are enlarged considerably by the effect of drag forces.

In order to investigate the effects of the initial wave of a large-scale tsunami on the motions of a
moored ship, we applied a numerical simulation procedure to a 135,000m> LNG carrier moored at
an offshore sea berth.

More detailed examinations will be necessary to clarify the effects of tsunamis on the shipping
industry. Details, such as the type of ship, size, mooring system, condition of ship, and ballast,
should be examined so that countermeasures against such powerful forces of nature can be

implemented.
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