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ABSTRACT
Many ship accidents are experienced by small boats. With a large number of small fishing boats in Indonesia,
the risk of potential ship accidents is high. Therefore, an operability analysis must be conducted for various
loading conditions to address any safety issues due to severe vessel motion. The net cargo of a fishing boat
will change during its operation at sea and then will affect the vessel’s seakeeping characteristics. This study
aims to determine the effect of changes in load and their effect on a traditional fishing boat’s operability in
Indonesia, considering the ship’s intact stability. In addition, this study also highlights the response of the
ship roll motion to prevent stability failure. The stability curve is used to relate ship stability analysis to
seakeeping analysis. Percentage operability and Operability Robustness Index are used to assess the root
mean square (RMS) roll response and the ship’s expected maximum roll motion.
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1. Introduction

Indonesia is an archipelagic country consisting of 17,504 islands
whose coastline length is 108,000 km. The exclusive economic
area of Indonesia is about 6,400,000 km2 which is 3.37 times larger
than the country’s land area and contributes to the local popu-
lation’s welfare and sustenance. Fishing is a critically important
industry for Indonesia.

The Ministry of Maritime and Fisheries Affairs Republic of
Indonesia allocates fishing boats to Indonesian fishers. From
2010–2014 the Ministry allocated 1000 of 30 Gross Tonnage (GT)
fishing boats to local fishers, while in 2016, 3500 fishing boats
with sizes varying between 5 and 30 GT made of fibreglass were
allocated. This policy aims to increase Indonesia’s food security
from the maritime sector (Bappenas 2010). Based on Statistics
Indonesia (2019), the total number of fishing vessels in Indonesia
from 2000–2016 was 543,845 (with and without an engine).

However, according to Food and Agriculture Organization
(FAO) (2000), fishing at sea is a risky activity with the highest mor-
tality rate due to accidents. FAO (2000) gave examples of the mor-
tality rate in several countries by comparing it with the national
average, which was up to 30 times larger in the US and 21 times lar-
ger in Italy. In Australia, the rate was 143 per 100,000 compared to
the national average of 8.1 per 100.000.

In Table 1, the types of fishing vessel accidents are presented by
Wang et al. (2005) and Ugurlu et al. (2020). The table shows the
total number and percentage of each fishing vessel’s accident
type. Some researchers studied a particular accident, such as
Davis et al. (2019), who investigated the primary cause of capsizing
accidents for fishing vessels. Obeng et al. (2022a) investigated the
risk influencing factors for capsizing of the small fishing trawler
boat which considered the different operational scenarios using
Object-Oriented Bayesian Network (OOBN). From their study,
the human factor in terms of training and experience was identified
as the most critical influencing factor. Domeh et al. (2021)

investigated the risk analysis for the man overboard (MOB) using
OOBN. The results of the study can provide important safety-
based information for small fishing vessel operations.

Many ship accidents are experienced by small ships (Caamaño
et al. 2018), especially on boats with a length of smaller than 24
metres (Wang et al. 2005; Ugurlu et al. 2020). It is reported that
stability-related accidents occur more frequently on smaller ships
(<24 m), compared to large ships because of relatively poor sea-
keeping performance of small ships (González et al. 2012).

The causes of accidents mentioned above can be classified into
two categories: human factors and environmental conditions.
Some of the causes of human factors are fatigue, occupation with
multi-tasks, and alcohol-drug use. Several of these factors contrib-
ute significantly to collision accidents. In addition, accurate
measurement of the loading condition is considered a key human
error leading to accidents. Overload and unstable loading are
other reasons for sinking accidents (Ugurlu et al. 2020). Moreover,
the study of Obeng et al. (2022a) revealed that the human factor is
the critical risk factor that influences the capsizing of a typical small
fishing trawler, such as deficient training and experience for the
crews, alcohol use, and leaving the sea-chest open.

The second group of accident causes is environmental conditions
associated with the weather, ship operational area, the season, and
vessel characteristics (Jin and Thunberg 2005). Environmental fac-
tors also influence the human factor that contributes to ship acci-
dents, as stated in the study of Obeng et al. (2022b). Harsh
conditions in particular will influence the physical comfort and the
occupational health features of the working environment of the
crew. Research on the effect of environmental conditions on
fishing boats can be used as a study to ultimately prevent accidents.

The operation of fishing vessels is different from that of a mer-
chant ship. The net cargo of merchant ships tends to remain
unchanged during the voyage. The cargo will be loaded onto the
ship before departure from the fishing location(s) and released
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after arriving at the destination port. For fishing boats, the net
cargo, which is fish caught, will be zero at departure. When on its
way to catch fish, the cargo will be filled gradually. For this reason,
the boat’s loading conditions alongside its centre of gravity will
change during its operation at sea.

Figure 1 shows the position of Vertical Centre of Buoyancy (KB)
and Gravity (KG). Each displacement (draught) has each vertical
buoyancy (KB). From this condition, we also can calculate MB as
a volume displacement function (MB = I/Vol). The total of both
heights (KB + BM) is called KM. In this research, the influence of
loading conditions (empty, half, and full load) is examined, as it
can change the KM. Different KG was also examined and resulted
in different MG, as MG = KM – KG. Changes in the load will affect
the stability points such as KG, KM and GM, and alter the natural
frequencies and damping coefficients in the roll and pitch motions
of the ship. As a result, the ship’s motion responses will also change.
The coordinate system used in this study is shown in Figure 2.

In this study, an operability analysis with a fishing boat was car-
ried out to determine how the boat can operate safely and comfor-
tably in its operational area, ensuring that the boat does not exceed
the pre-determined seakeeping criteria. This investigation aims to
inform the fishers of how long the boat should keep on standby
on the shore until the weather conditions permit the boat to oper-
ate. In this work, a 5-metre-long traditional fishing boat operating
in the Java Seas, Indonesia, was used as a case study. Five configur-
ations of loading conditions were employed to represent the oper-
ation of the fishing boat in question. Each condition was then
examined for its seakeeping performance and operability based
on a 2-D linear potential theory using ShipX VERES Software.

Two types of operability assessment were utilised in this study,
namely Percentage Operability (PO) developed by Fonseca and

Soares (2002) and Operability Robustness Index (ORI) developed
by Gutsch et al. (2020). PO was assessed corresponding to seakeep-
ing criteria for fishing vessels. ORI was applied to evaluate the RMS
roll response and the expected maximum roll amplitude of the boat,
which were observed as key to preventing stability failure. The stab-
ility curve is used to relate the ship stability analysis to the seakeep-
ing analysis.

This paper is organised as follows. Section 2 describes a litera-
ture review on the seakeeping method and operability analysis
with some existing criteria. Subsequently, Section 3 illustrates
ship geometry, load configuration and equilibrium condition. Fol-
lowing this, this research methodology is explained in Section 4. In
Section 5, the results and discussion of this research are demon-
strated. Lastly, Section 6 summarises the results of this study and
some suggestions for future work are made.

2. Background

2.1. Overview of operability analysis

Sea conditions always change with time and depend on the location.
To ensure the ship can be well operated within these conditions,
long-term analysis is used, also called ship operability analysis.
Ship operability is the percentage of time in which the ship can
operate in an area by meeting selected seakeeping criteria based
on an existing Wave Scatter Diagram (WSD). WSD is statistical
data of waves in a particular location that records the number of
occurrences of significant wave heights (Hs) and wave peak periods
(Tp) within certain time ranges, such as daily, weekly, monthly, sea-
sonal, and annually.

Figure 3 describes an overview of the operability analysis pro-
cedure. The red colour is an input for calculation, and the green col-
our is the result. First, vessel data and the conditions are required to
calculate response amplitude operators (RAOs), the boat responses
in regular waves. The combination between RAOs and selected
wave spectrum will result in responses spectrum (short-term analy-
sis), boat responses in irregular waves. The variance of the motions,
such as root means square (RMS) and the probability, can be deter-
mined from the response spectrum. Then, the selected seakeeping
criteria will result in operability limiting boundary, the limit of sig-
nificant wave height and wave period that make the boat responses
do not surpass the seakeeping criteria. Lastly, a particular wave scat-
ters diagram of a specific sea area (the location where the boat oper-
ates) is used to calculate the percentage operability.

2.2. Seakeeping analysis

From Figure 3, calculating a ship response in regular waves (RAO)
is important to determine the operability analysis. The literature
offers a wealth of seakeeping techniques which can be used to

Table 1. The accident types for fishing vessels.

References Accident Types Total Percentage
(Ugurlu et al. 2020) Collision 56 27.05

Sinking 55 26.57
Occupational Accident 39 18.84
Grounding 26 12.56
Man Overboard 26 12.56
Fire-Explosion 2 0.97
Others 3 1.45

(Wang et al. 2005) Machinery damage 233 62.97
Foundering and flooding 57 15.41
Grounding 31 8.38
Collisions and contacts 22 5.95
Fires and explosions 15 4.05
Capsizing and listing 7 1.89
Heavy weather damage 2 0.81
Others 2 0.54

Figure 1. Position of KM, KG, and GM.

Figure 2. Coordinate system of the boat.
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predict an RAO curve. One of the methods used to predict the
motion responses of a ship is the 2-D Strip theory method which
was introduced by (Salvesen et al. 1970). This method splits the
underwater part of the ship into several strips. Analytical or
numerical methods are used to solve the two-dimensional hydro-
dynamic problem for each strip. Three-dimensional effects are
ignored assuming there is no interaction between the strips, redu-
cing computational time. The forces and moments from each
two-dimensional cross-section can be integrated along the ship
length to calculate the total force. This method is widely used
because it is fast and sufficiently accurate for conventional hulls.
Even though strip theory is widely used, it has some limitations.
The boat must be slender, and sail at low Froude numbers in rela-
tively small waves, assuming first-order wave frequency motions
only.

The development for solving the seakeeping problem evolved
from 2-D to 3-D when computers become more advanced. The
3-D Panel Method can be used as an alternative to circumvent
many of the assumptions made in the 2-D strip theory, for example,
Datta et al. (2011). They investigated the fishing boat motion, where
the hull form is not slender in the time domain. The 3-D Panel
method requires the discretisation of the wetted surface into panels
and some parts of the adjacent free surface. The hydrodynamic pro-
blem in each panel is solved using either the free-surface Green-
function or Rankine panel method (He and Kashiwagi 2014).
This method can solve the ship motion in the time domain, for
example, Liapis and Beck (1985) used the green-function method
for a constant forward speed and Beck and Liapis (1987) for a
zero-speed problem. For Rankine panel method was initially pre-
sented by Nakos and Sclavounos (1991).

The Computational Fluid Dynamics (CFD) technique is another
method used in seakeeping analysis. A ship can be simulated in
regular waves to determine its motion response characteristics.
The time-series results of ship responses are converted to the fre-
quency domain results using Fourier Transform to obtain the
RAO values (Tezdogan et al. 2016, 2015). One of the advantages
of the CFD method is that the full-scale ship simulation for sea-
keeping performance and ship resistance can be modelled pre-
sented by several researchers, such as Tezdogan et al. (2015),
Niklas and Pruszko (2019), and Ozturk et al.(2021). The CFD

method is not only powerful to model regular waves but also irre-
gular waves as described by Romanowski et al. (2019) and Zhang
et al. (2021).

In this study, VERES, a plug-in of the ShipX software package
was used to determine the ship RAOs. This method is based on
the 2-D linear strip theory. The ship responses are assumed to
vary linearly with incident wave amplitudes which are assumed to
be small compared to the vessel dimensions. The wave steepness
is also assumed to be small, so the waves are far from breaking.
To determine the hydrodynamic forces, a potential theory is
employed. The fluid is assumed as inviscid, irrotational, and incom-
pressible. The viscous roll damping is determined from an empiri-
cal formula for roll motions. The components of this formula are
frictional shear stress on the hull surface (Kato 1957), eddy damp-
ing (Ikeda et al. 1977), lift damping (Himeno 1981) and the bilge
keel damping (Ikeda 1979). As the ship geometry considered in
this study has no bilge keel, the latter component is not included.

2.3. Operability index

The methodology to calculate an operability index as the assess-
ment of the seakeeping performance was presented by Fonseca
and Soares (2002). In their study, two different types of vessels,
container ship and fishing vessel were selected as a case study to
evaluate the sensitivity analysis. Their type, mission and oper-
ational area are different resulting in different operability indexes.
Moreover, the operability of four fully-loaded fishing vessels was
investigated by Tello et al. (2009). From their research, it was
revealed that roll motion and lateral acceleration had the lowest
percentage operability among other responses. The boat with the
‘U’ type had a higher operability index than the ‘V’ type boat. It
also can be inferred that the overall operability of fishing vessels
had dependencies on the vessel’s dimension. The longest vessel
can operate better compared to others, with the operability
index of 0.94 for zero speed and 0.87 for Fr = 0.3. For the smallest
vessels, the operability index was 0.44 and 0.64 for Fr = 0.0 and Fr
= 0.3, respectively.

Furthermore, Tello et al. (2011) evaluated the seakeeping per-
formance of a set of fully loaded fishing vessels operating in sea
states 5 and 6. It was shown that pitch and roll were the most crucial
degrees of freedom since their responses often surpass the limiting
criteria. This research also mentioned that the GM is the essential
parameter governing roll responses. The higher the GM of a vessel,
the lower its roll period will be. As a consequence, the natural roll
period may match with the wave modal period of the sea and lead to
resonance. This will be dangerous since the roll responses will
increase significantly and pose a danger to the vessel.

Tezdogan et al. (2014) investigated the percentage operability of
a high-speed catamaran passenger ship using annual and seasonal
WSD on the west coast of Scotland. This research was conducted
using three theories to define the RAO curve; 2-D conventional
strip theory (Theory 1) and high-speed strip theory formulation
in 2½-D in which hull interaction between two hulls was not
included (Theory 2) and was included (Theory 3). Those theories
were then compared to the experimental data. The result of Theory
3 was closer to the experimental data compared to Theory 2. There
was an enhancement in resonance frequency for heave motion
when hull interaction was included. However, Theory 1 showed
the best agreement with the experimental data among the three
theories.

Recently, some researchers developed a new operability index
showing a single seakeeping criterion, such as RMS roll. Gutsch
et al. (2017) introduced the new performance indicator, namely
the Integrated Operability Factor (IOF), defined as the ratio of

Figure 3. Overview of the operability analysis procedure.
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the area below the curve of percentage operability for a single cri-
terion from zero to its maximum limitation (OPtot max) and the
area of the maximum possible operability (100% × OPtot max). In
this case, the OPtot max of RMS Roll criterion was determined
according to STANAG (Eriksen et al. 2000) for replenishment oper-
ations at sea, which is 2.2°. The work of Gutsch et al. (2017) inves-
tigated the change of some main dimensions of Offshore
Construction Vessels (OCV), such as length, breadth, draught,
transversal GM, and radius of gyration of roll (R44) to the IOF
value of RMS Roll.

Sandvik et al. (2018) used IOF for every single criterion of the
RMS of heave, pitch, roll, and vertical crane displacement for the
OCV. In their research, the combination of some main dimensions
of the vessel was also investigated. They introduced this not only to
operability analysis, but also to Relative Rate of Operation (RRO).
Sandvik et al. (2018) further investigated the susceptibility of
delay due to weather.

Later, Gutsch et al. (2020) changed the term IOF to Operability
Robustness Index (ORI). Both IOF and ORI are the same analysis,
which is the ratio between the two areas mentioned above. In their
study, Gutsch et al used ORI as a key performance indicator (KPI)
for the seakeeping performance of OCV. The sets of main dimen-
sions were investigated to better understand the influence of length,
beam, draught, and metacentric height when operating in the sum-
mer and winter seasons in North Sea and North Atlantic on the ORI
value of RMS Roll. The OPtot max used here was 2°, which was then
compared to the widely known PO.

From the study of Gutsch et al. (2020), it can be concluded that
the ORI is the performance indicator that is more robust to assess
the seakeeping performance of various vessel types. The higher ORI
value is most affected by initial steepness from the curve of percen-
tage operability and the choice of maximum limitation (OPtot max)
of the selected criterion (Sandvik et al. 2018). Nevertheless,
although ORI can assess a single criterion of seakeeping perform-
ance, such as roll motion, this analysis is not related to the ship stab-
ility analysis.

2.4. Relationship between seakeeping and ship stability

One of the ship motion responses obtained from the seakeeping
analysis is roll. This response is related to ship stability, defined as
the ship’s ability to keep returning to its original position due to roll
motion caused by external disturbances. Ship accidents, such as cap-
sizing, mostly occur due to stability failures. One of the reasons for
capsizing is that ship operators are not given sufficient training regard-
ing ship stability, so there are decision-making mistakes (Davis et al.
2019). To solve this problem, Caamaño et al. (2018) proposed a meth-
odology to automatically assess the ship’s stability to minimise the
interaction between the crew and the system. This method can esti-
mate the natural frequency of roll motion and the metacentric height
throughout the vessel’s voyage. Later, Caamaño et al. (2019) proposed
real-time detection of ship stability changes. The system lets the crew
know how far the current situation is from the safety limit.

In a stability assessment, the scenario of loading condition is
determined at the beginning to describe ship operation during
the voyage. Then the characteristics of the stability curve of each
loading condition are evaluated using standard criteria for fishing
vessels based on the Intact Stability Code from IMO (2008). Man-
tari et al. (2011) investigated intact stability on fishing vessels invol-
ving fishing gear, beam waves, and wind. The results stated that the
heeling moment produced by fishing gear is more critical than the
heeling moment from bad weather scenarios. In addition, errors in
choosing the dimensions of fishing gear and machines are also one
of the factors for stability failure on fishing vessels.

However, current stability criteria may not accurately account
for some of the dynamic phenomena in stability-related accidents
(Mata-Álvarez-Santullano and Souto-Iglesias 2014). The ship’s
stability curve and its criteria recommended by IMO do not con-
sider wave height and ship size. On this basis, the relationship
between ship stability and safety to avoid capsizing was proposed
by Deakin (2005). This research was conducted experimentally to
determine the minimum wave height to capsize the ship for each
configuration.

Deakin (2005) then produced a formula linking the stability
curve represented by the range (angle distance that has a positive
GZ) and the maximum Righting Moment (GZ max × displace-
ment) with the size of the vessel which is represented by the length
and width. Furthermore, the formula is refined by Deakin (2006) to
determine the critical significant wave height or critical sea state.
The influence of the ship’s speed and the direction of the wave
angle is not included in the formula. Meanwhile, with the same
stability curve, the limiting wave height will be different depending
on the vessel speed and the direction of the wave angle. The current
study presents significant wave height limitations with vessel speed,
and wave headings are considered.

In addition, research on the stability and operability of several
sunken fishing vessels and several existing fishing vessels, which
are similar to sunken vessels, was carried out by Mata-Álvarez-San-
tullano and Souto-Iglesias (2014). Stability and operability were
investigated separately and not directly related. Stability analysis
uses the stability index, which is the ratio of KG to the maximum
allowed KG to meet the stability criteria. The operability was ana-
lysed using only short-term analysis, which was carried out on
two typical sea states without considering WSD. The operability
calculation differs from the percentage operability because it uses
Boolean operators, choosing a value of 0 or 1 for each ship’s
speed and wave direction.

The researchers stated above tried to relate ship stability to the
ship operability analysis. However, none have done so directly.
Therefore, the present study aims to relate the seakeeping perform-
ance, especially roll motion, directly to the static stability of a vessel.
For small boats, this relationship is considered to be crucial because
the natural period of the roll is small, and it may coincide with the
wave period leading to roll resonance. The novel indicator for sea-
keeping performance, ORI, was employed in the calculations not
only for RMS of roll motion but also for the expected maximum
roll. From the literature, the novelty of this research can be sum-
marised as follows:

To date, no studies have analysed the operability of small vessels
considering changes in loading conditions. Seakeeping analyses on
fishing vessels are mostly done by comparing many vessels. Most of
them only consider one loading condition, full load. This study ana-
lyses a single fishing boat, but the loading conditions are different.
This is a characteristic of fishing vessel operations, where the cargo
is constantly changing while underway. This study presents a com-
prehensive analysis to better understand the changes in cargo on
fishing vessel operability.

Some researchers use the GM parameter in actual conditions to
relate the ship’s roll response. In fact, for the same hull, the GM
value depends on the KM value, which varies depending on the
ship’s displacement. The ship’s response will be different with the
same GM value but different KM. Thus, the actual value of GM can-
not directly determine the ship’s response if it has a different KM.
This study uses the GM/KM ratio to assess how GM and KM
change and their influence on operability.

Several researchers have attempted to link ship stability with
operability. However, none of these studies directly link ship
stability and operability. This research offers a new idea to do
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this directly. The Angle of Vanishing Stability (AVS) and Downfl-
ooding Angle (DFA) in the stability curve is used as the maximum
limitation (OPmax) of the expected maximum roll and then eval-
uated using ORI. This idea is based on the fact that if the maxi-
mum roll motion of the ship exceeds AVS, even if it occurs
only once, the ship will become unstable because it has a negative
GZ value. The ship has the potential to capsize because it has no
righting moment. Moreover, when the maximum roll motion
exceeds DFA, seawater is considered to enter the deck.

3. Ship geometry and conditions

In this paper, a traditional small fishing boat from Indonesia was
selected as a case study. This fishing boat had been investigated
by Tezdogan et al. (2018) earlier for optimisation of hull form
and by Liu et al. (2019) for the design of a bilge keel. A body
plan of the fishing boat is shown in Figure 4, and details of the
main dimension are given in Table 2. The boat was simulated at
three speeds, which are zero knots, half design speed (4 knots),
and design speed (8 knots) with wave heading from 0° (heading
wave) to 180° (following wave) with a 30° increment. The radius
of gyration of the boat was obtained using Rhinoceros software,
which are Kxx = 0.55 m, Kyy = 1.36 m, and Kzz = 1.43 m.

Aside from different velocities and wave headings, the boat was
investigated with different loading conditions according to the
scenario of fishing vessel operations, starting from Load Case 1 to
Load Case 5 (Table 3). Load Case 1 is departure condition, where
the fish storage tank is still empty because no fish has been caught.
In Load Case 2, it is assumed that the vessel has caught half of the
fish storage tank capacity, and the catch is placed on the upper deck.
For Load Case 3, the catch is placed in the fish storage tank (below
deck). Load Case 4 assumes that a total capacity of the fish storage
tank has been caught and is placed on the upper deck, while Load
Case 5 models this as below the deck. The details of Load cases 1–5
are shown in Table 3. It should be noted that the Transverse Centre
of Gravity (TCG) is zero for all load cases since the load distribution
is assumed to be symmetrical.

To summarise, the vessel’s load capacity is divided into three
conditions: empty, half, and the total capacity of fish storage.
Each condition has a different loading position (KG) for both
half and full capacities, so the centre of gravity is changed too.
The different displacement and the centre of gravity will change
along with the draft values for AP, FP and Midship locations and

create the different trim conditions. The equilibrium condition of
each load case can be seen in Table 4.

With the same KM (as the boat’s weight is the same), the GM
will be different and affect the ship’s response, especially roll
motion. There are differences in the natural period and damping
values. This difference can be seen in the graph of the ship’s
response in regular waves, or what is commonly referred to as
Response Amplitude Operator (RAO). The details of these results
are discussed in depth in Section 5.1.

Figure 5 and Table 5 show the AVS and DFA for Load Case 1–5
in the stability curve, calculated by Maxsurf Stability Software. AVS
is a static angle in the stability curve with zero GZ. In this condition,
the ship is neither stable nor unstable. While DFA is a static angle,
where the water meets any opening on the hull surface when calcu-
lating intact stability curve. The opening on the hull surface is
marked with a downflooding point. However, in this study, the
deck edge is defined as a downflooding point.

A different displacement such as empty (LC 1), half (LC 2 & 3),
and full load (LC 4 & 5) results in different DFA. The vertical shift
of centre of Gravity (KG) with the same displacement does not
influence the DFA. It only influences the AVS. However, even if
AVS is the same, the GZ value for the same displacement is differ-
ent. These results will influence the roll responses and operability
performance.

4. Methodology

4.1. Ship response in regular wave

The RAO of a ship in regular waves is described as the ratio between
the response output (Sj) to the wave excitation input (z) for the six
degrees of freedom (6DOF) in j mode (for j = 1− 6), as a function

Figure 4. Body Plan of the Research Object (Liu et al. 2019).

Table 2. Main Dimension of the Boat (Tezdogan et al. 2018).

Parameters Value
Length between perpendicular, LPP (m) 5.000
Breadth at water line, B (m) 1.934
Depth to 1st deck, D (m) 1.196
Loaded draft, T (m) 0.350
Displacement, Δ(ton) 1.858
Block coefficient, Cb (-) 0.537
Mid-boat section coefficient, Cm (-) 0.764
Wetted surface area, Aw (m2) 10.201
Froude number, Fr (-) 0.590
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of encounter wave frequency (ve), and wave heading (b), as shown
in Equation 1. For rotational motion RAO, the wave excitation
input (z) is multiplied by wave number (k).

RAOj(ve; b) =
Sj (v; b)

z (v)
(1)

4.2. Ship response in irregular wave

After the calculation of the responses of the ship in regular waves,
short-term responses in irregular seas should be calculated. An irre-
gular seaway is defined as the sum of the regular waves in which
each wave has a random height and period (St Denis and Pierson
1953). A wave spectrum is used to represent a particular sea state.
A short-term spectral analysis is used to predict the ship motions
in a specific sea state. This analysis combines the transfer functions
and the selected wave spectrum.

There are many standard wave spectra recommended by the
International Towing Tank Conference (ITTC) (2002), such as
spectra formulations given by Pierson Moskowitz (Pierson and
Moskowitz (1964), ISSC (1964), ITTC (Mathews 1972), and Liu
(1971)), JONSWAP (Hasselmann et al. 1973), Scott (1965), and
Ochi and Hubble (1976). In this present study, a JONSWAP spec-
trum is used. The wave spectrum multiplied by the square of the
RAO gives the response spectrum. The area under the response
spectrum can be used to determine the variance of the motions
in question.

The JONSWAP Spectrum was used in this study because it suits
the conditions of the boat’s operational area (the Java Sea, Indone-
sia), which is closed waters or an archipelago (Hasselmann et al.
1973), (Djatmiko 2012). The JONSWAP spectrum formula is
shown in Equation 2.

Sz(v) = ag2

v5
exp − 5

4

vp

v

( )−4
{ }[ ]

g

exp −
(v− vp)

2

2s2v2
p

{ }
(2)

where a = 5.061(2p)−4H2
sv

4
p[1− 0.287 ln(g)] is the normalisation

factor, vp is modal wave frequency (2p/Tp), v is incident wave fre-
quency, s = 0.07 is spectrum width parameter for v ≤ vp and
s = 0.09 for v . vp, and g is peakedness parameter which varies
between 1.0–7.0. For Indonesian waters, g = 2.0− 2.5 (Djatmiko
2012). In this study peakedness parameter, g = 2.5, was selected
to calculate the highest sea condition.

The wave spectrum should be converted to a response spectrum
Sr(v) to analyze the ship’s response in irregular waves. The wave
spectrum Sz(v) multiplied by the RAO squared gives the response
spectrum Sr(v), as shown in Equation 3. The area under the
response spectrum curve is expressed by mn or the n-th moment
(Equation 4), where n = 0 for displacement, n = 2 for velocity,
and n = 4 for acceleration. The square root of mn is called the
Root Mean Square (RMS) or standard deviation, as shown in
Equation 5.

Sr(v) = RAO2 × Sz(v) (3)

mn = 1
0
vnSr(v)dv (4)

RMS = 




mn

√
(5)

Ship responses are usually calculated at the Centre of Gravity
(CoG). However, ship responses at other points of interests, such
as the fore peak (FP) for deck wetness and slamming probability,
should also be investigated. Both heaving and pitching responses
at the CoG can be used to determine ship responses at the FP.
This response is called absolute vertical motion at FP (ZFP), as
shown in Equation 6.

ZFP = (ZFP)acos (vet + 1FP)

(ZFP)a =













































(Za)

2 + (xFPua)
2 − 2xFPZauacos(1u − 1Z)

√
1FP = tan−1 Zasin(1Z)− xFPuasin(1u)

Zacos(1Z)− xFPuacos(1u)

( ) (6)

where (ZFP)a is amplitude of absolute vertical motion at FP, 1FP
phase angle of absolute of vertical motion at FP, Za and ua are
the amplitude of heaving and pitching motions, xFP is longitudinal
distance from CoG to FP, 1Z and 1u are the phase angle of heaving
and pitching motions.

After the absolute vertical motion at FP has been determined,
this response is calculated relative to wave amplitude at the FP to
generate the RAO curve. This response is called relative vertical

Table 3. Load Scenario.

Load Case Description Ship Weight (kg) LCG (m) KG (m)
1 Empty load of fish 712.00 1.550 0.844
2 Half load of fish, upper deck 1285.00 1.751 0.914
3 Half load of fish, below deck 1285.00 1.751 0.557
4 Full load of fish, upper deck 1858.00 1.828 1.064
5 Full load of fish, below deck 1858.00 1.828 0.57

Table 4. Equilibrium Condition.

Parameters LC 1 LC 2 LC 3 LC 4 LC 5
Displacement (kg) 712 1285 1285 1858 1858
KMt (m) 1.607 1.37 1.37 1.227 1.227
GMt (m) 0.763 0.456 0.813 0.163 0.657
Draft Amidships (m) 0.171 0.265 0.266 0.344 0.345
Draft at FP (m) 0.123 0.237 0.239 0.317 0.32
Draft at AP (m) 0.219 0.293 0.292 0.372 0.37
Draft at LCF (m) 0.185 0.272 0.272 0.35 0.349
Trim (+ve by stern) (m) 0.096 0.056 0.053 0.055 0.05
Trim angle (+ve by stern) (°) 1.0959 0.6391 0.608 0.6274 0.5743

Figure 5. AVS and DFA of Load Case 1–5.
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motion (SFP), as shown in Equation 7.

SFP = (SFP)acos (vet + 1s)

(SFP)a =

















































((ZFP)a)

2 + (za)
2 − 2(ZFP)azacos(kxFP − 1FP)

√
1s = tan−1 (ZFP)asin(1FP)− zasin(kxFP)

(ZFP)acos(1FP)− zacos(kxFP)

( ) (7)

where (SFP)a is the amplitude of relative vertical motion at FP, 1s is
the phase angle of relative of vertical motions at FP, za is the wave
amplitude, k is the wave number.

Based on Equation 7, a different encounter frequency (ve) will
produce different relative vertical motions at FP (SFP). All encoun-
ter frequencies will generate another RAO graph, which is RAO for
relative vertical motion at FP. Based on Equation 4, the response
spectrum of motion and velocity (m0, m2) can be determined.
Equation 8 and Equation 9 are used to calculate the Probability
of Slamming and Deck Wetness. Here, T is the draft in metres,
Vcr is the velocity threshold in m/s where Vcr = 0.093











Lpp× g

√
,

Fb is the freeboard in metres, m0 and m2 are area under displace-
ment and velocity response spectrum, respectively.

Pslamming = exp − T2

2m0
+ V2

cr

2m2

( ){ }
(8)

Pdeckwetness = exp − Fb2

2m0

{ }
(9)

4.3. Operability limiting boundary

Seakeeping criteria are used to evaluate the vessels’ performance
based on short-term spectral analysis. These criteria are essential
as they can be used to determine a ship’s operability in a certain
period by combining them with a Wave Scatter Diagram (WSD).
Various types of seakeeping criteria exist today. These criteria are
used according to the type of ships, such as the Nordic cooperative
research project on the seakeeping performance of ships (NORD-
FORKS) for a merchant ship, naval vessel, and fast small craft (Niel-
sen 1987) and NATO Standardisation Agreement (STANAG) 4154
for naval vessels (Eriksen et al. 2000). For passenger ships, the cri-
teria are more focused on passenger comforts, such as Motion
Induced Interruption (MII) (Baitis et al. 1995) and Motion Sickness
Incident (MSI) (O’Hanlon and McCauley 1973). Details for differ-
ent types of seakeeping criteria can be found in Ghaemi and Ols-
zewski (2017).

Sariöz and Sariöz (2006) investigated the seakeeping perform-
ance of high-speed displacement vessels (HSDVs) using typical sea-
keeping performance criteria. The pitch and roll motions, vertical
and lateral accelerations, and the number of slamming events and
deck wetness per hour were found to be significant in determining
the seakeeping criteria. For a high-speed passenger ship, Tezdogan
et al. (2014) used human comfort as limiting criteria which are MII,
MSI, vertical and lateral accelerations. In the current study, the lim-
iting criteria are selected for fishing vessels listed in Table 6 (Tello
et al. 2011).

Each criterion has a different operational limit, meaning that
each criterion has a different maximum significant wave height as
a limitation for the vessel to operate for a certain peak wave period.
Nevertheless, all criteria must be met to set the limits of the vessels’
operation.

The ship response per metre of significant wave height (gx)
can be written as in Equation 10 which sx is ship response and
Hs is significant wave height. For displacement/motion criteria,
Equation 11 is used to determine the limiting of a significant
wave height (Hlim

s ), where slim
x is the limiting value of the specific

motion criterion.

gx = sx

Hs
(10)

Hlim
s (Tp) = slim

x

gx
(11)

While for the slamming criterion, Equation 12 is used to determine
the limiting significant wave height (Hlim

s ), where Ps is a probability
of slamming criterion (Ps = 0.03), gr and grv are RMS–value of rela-
tive vertical motion and velocity per metre significant wave height,
respectively. The limiting significant wave height (Hlim

s ) for green
water criterion is shown in Equation 13, where Pgw is a probability
of green water criterion (Pdw = 0.05).

Hlim
s (Tp) =






























− 1
2 ln Ps
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(grv)
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( )√
(12)

Hlim
s (Tp) = Fb

gr











−2 ln Pdw

√ (13)

4.4. Percentage operability

The operational area of a fishing boat is the Java Sea, located in the
north of Java Island, Indonesia (Figure 6). The Annual WCS data
can be seen in Table 7 obtained from metoceanview (https://app.
metoceanview.com/hindcast/). As shown in Table 7, the highest
percentage of wave period occurrences is 3–4 s with a percentage
of 35.3% and 4–5 s with a percentage of 37.0%. The highest percen-
tage for a significant wave height is 0.5-1.0 m with 45%, followed by
0.0-0.5 m with 39.8%, and 1.0-1.5 m with 13.3%. These waters can
be categorised as sea state 3. In these conditions, a ship must have
an operational limit over 1.5 m for all criteria to operate at least 98%
of the time.

The percentage operability for a particular wave heading, sea-
keeping criteria, and ship speed is obtained by Equation 14. PbOp
is percentage operability for a particular wave heading, seakeeping
criterion, and ship speed. P jk (Hsjj , Hscr , Tk) is the probability of
occurrence of a significant wave height in interval j below the limit-
ing significant wave height with a wave period in interval k.

PbOp =
∑NHs

j=1

∑NTp

k=1

P jk(Hsj , Hscr , Tk) (14)

Table 5. AVS and DFA for Load Case 1–5.

Load Case AVS (deg) DFA (deg)
LC 1 63.15 40.35
LC 2 53.09 31.80
LC 3 85.98 31.80
LC 4 32.96 26.00
LC 5 82.27 26.00

Table 6. Seakeeping Criteria for Fishing Vessel (Tello et al. 2011).

No Criteria Limit
1 RMS roll 6.00°
2 RMS pitch 3.00°
3 Probability of green water (GW) 0.05
4 Probability of slamming (SL) 0.03
5 RMS vertical acceleration at working area / bridge deck (VA) 0.20 g
6 RMS lateral acceleration at working area / bridge deck (LA) 0.10 g

SHIPS AND OFFSHORE STRUCTURES 7
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Figure 6. Location of Wave Scatter (www.bing.com/maps).

Table 7. Wave Scatter Diagram (https://app.metoceanview.com/hindcast/).

Hs (m) \ Tp (s) 0–1 1–2 2–3 3–4 4–5 5–6 6–7 7–8 8–9 9–10 Hs Occurrence
0.0–0.5 6 139 8192 25249 7677 518 48 21 3 0 39.8%
0.5–1.0 0 0 3 11863 28587 6764 88 6 0 0 45.0%
1.0–1.5 0 0 0 0 2650 10558 801 13 0 0 13.3%
1.5–2.0 0 0 0 0 0 840 830 32 0 0 1.6%
2.0–2.5 0 0 0 0 0 4 188 77 0 0 0.3%
2.5–3.0 0 0 0 0 0 0 6 52 1 1 0.1%
3.0–3.5 0 0 0 0 0 0 0 4 6 0 0.0%
3.5–4.0 0 0 0 0 0 0 0 0 0 0 0.0%
4.0–4.5 0 0 0 0 0 0 0 0 0 0 0.0%
4.5–5.0 0 0 0 0 0 0 0 0 0 0 0.0%
Tp Occurrence 0.0% 0.1% 7.8% 35.3% 37.0% 17.8% 1.9% 0.2% 0.0% 0.0% 100%

Figure 7. Definition of ORI for RMS Roll Motion (a), and Expected Maximum of Roll (b).
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The percentage operability for all headings with a certain sea-
keeping criterion and ship speed is obtained by Equation 15.
POp is percentage operability for all headings with a certain sea-
keeping criterion and ship speed. PbOpi is the percentage oper-
ability for the ith wave heading. P(bi) is the probability of
occurrence of the ith wave heading βi. If P(bi) has an equal
probability, then Percentage Operability for all heading can
be calculated as average of Percentage Operability for all head-
ing βi.

POp =
∑Nb

i=1

PbOpi P(bi) (15)

4.5. Operability robustness index for roll motion

From Equation 16 and Figure 7a, the Operability Robustness Index
(ORI) can be described as a ratio of the area below the curve of Per-
centage Operability of Roll motion criteria from 0° to 6° (Pop(OPtot)
or Area A) to the area of maximum theoretically possible operabil-
ity (OPtot max × 100 or Area A + Area B). In this case, OPtot max is 6°,
which is a limiting criterion of RMS Roll motion for a fishing vessel,
as described in Table 6.

ORI =
OPtot max
0 Pop(OPtot) d(OPtot)

OPtot max100
= Area A

Area A+ Area B
(16)

Figure 8. Heave RAO in Head Seas (0°) at 0 knot (a), 4 knot (b), and 8 knot (c).
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An RMS roll motion of 6◦ as a seakeeping criterion is a limitation to
ensure the boat is safe and comfortable to be operated. Neverthe-
less, it is unknown if the boat will remain safe upon surpassing
this limit. This present study utilises AVS and DFA to relate ship
operability analysis to ship stability and to indicate whether the
boat remains safe.

The expected maximum is defined as the maximum roll
response that can be reached by vessel in a particular range of
time, operated in a particular sea state. Rayleigh probability func-
tion is employed as an approximation to the probability density
function for the maximum of the responses. Equation 17 is used
to determine the single amplitude of the expected maximum of

Roll Motion.

EmaxRoll =









m0Roll

√ 







2 lnN

√ + 0.5772







2 lnN

√
[ ]

N = T . 3600
TzRoll

TzRoll = 2p










m0Roll
m2Roll

√ (17)

where EmaxRoll is expected maximum roll motion, T is duration in
hours. In this research, T = 3 hours to illustrates the boat operate.
TzRoll is the zero–up crossing period of the roll response.

Figure 9. Pitch RAO in head seas (0°) at 0 knot (a), 4 knot (b), and 8 knot (c).
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According to Figure 7b, the vessels must have 100% operability,
at least at maximum limitation angle, OPtot max. In this case
OPtot max is Angle of Vanishing Stability (AVS). If the boat has
not been capable of being operated 100%, there is a chance for a
boat to reach an angle of roll response higher than OPtot max. The
boat will have a negative GZ. It will be better if the vessel has
100% operability at the angle lower than OPtot max. The value of
ORI will increase excessively since area A in Figure 7 increases.

5. Results and discussion

5.1. Response amplitude operator

Each wave heading and boat speed results in a different RAO.
Figure 8 shows the heave RAO graph at 0, 4, and 8 knots for

head seas. It is known that the vertical motions are more pro-
nounced in this heading. It should also be noted that in this
study 0° wave heading corresponds to a head wave condition.

As shown in Figure 8, the peak of RAO increases along with
the boat speed. The trend of curves is also similar to the boat dis-
placement and Longitudinal Centre of Gravity (LCG), as shown
in Table 3. The highest peaks of RAO belong to the load cases
with the highest displacements (LC 4 and LC 5) and so for the
next lower peak. It can be inferred that the boat displacement
influences the heave damping, resulting in different heave
motions.

The natural period of heaving motion also can be seen in
Figure 8, where the period at the abscissa reaches the peak of
the curve. For all load cases, the natural periods are similar to
each other. This happens for a wave period between 2 and 3 s.

Figure 10. Roll RAO in Beam Seas (90°) in 0 knot (a), 4 knot (b), and 8 knot (c).
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Examining the WSD data in Table 7, the most frequent periods
are 3–4 s and 4–5 s. However, 2–3 s wave periods have a 7.8%
probability, indicating heave resonance can occur and increase
the heave response.

Pitch RAO can be seen in Figure 9 for the three speeds: 0, 4, and
8 knots. LC1 at zero speed has a higher peak than the 4-knot speed
at a wave period of about 3 s. LC 4 is the highest peak at zero speed,
but it is not the only one for 4 and 8 knot speed; LC 5 is the highest
too for both speeds.

However, the trend of the pitch RAO peaks at 4 and 8 knots are
likely similar to those of heave. The two highest are LC 5 and LC 4,
and the lowest is LC 1. The pitch RAO peaks represent the effect of
the damping coefficient. It can be concluded that the trend of
damping coefficients for both speeds is similar to that of heave
but not at zero speed. From Figure 9, we can also see that the natu-
ral period in pitch is similar to that in heave. The natural period for
each speed and load case is about 2–3 s. It will also cause resonance
in pitch, especially when the pitch damping is low. The pitch
response will be significantly increased.

Figure 10 illustrates the roll RAO at 0, 4, and 8 knots. In this
RAO, the beam sea (90°) was chosen since this heading most
affects the ship’s roll response. The peak of roll RAO varies
with speed. LC 4 shows that the highest peak occurs at 4
knots, not at 8 knots. However, the higher the KG position, the
higher the RAO peak, meaning a decrease in roll damping and
an increase in roll response. It can be inferred that the determi-
nation of KG position is essential since it directly influences the
roll response.

As shown in Table 4, each displacement has a different KM
value. Different KG positions will result in different GM values
with the same KM (GM =KM – KG). This is shown for LC 2
with LC 3 (half load) and LC 4 with LC 5 (full load). If we compare
GMwith each KM value, we can calculate the ratio of GM to KM, as
shown in Figure 11.

Based on Figure 10, LC 4, LC 2, and LC 1, a few different KG
values (about 0.1 m) will result in a different ratio GM/KM because
those LCs have a different KM. The GM/KM ratio value aligns with
the RAO peak. So, the higher GM/KM ratio is, the lower RAO peak.

Unlike heave and pitch, Figure 10 shows that loading conditions,
due to the change in the KG position, affect the natural roll period
of the vessel. The natural roll period for LC 4, around 3 s, is con-
siderably different from the other load cases, which show a natural
roll period of 1–2 s. FromWSD shown in Table 7, it can be seen that
LC 4 is dangerous in roll resonance. The natural roll period is the

same as the second most frequent period, 3–4 s, whose probability
of occurrence is 35.3%. Other load cases (natural period of 1–2 s) do
not significantly influence the roll resonance because the prob-
ability of occurrence is only 0.1%.

5.2. Operability limiting boundary

In Figure 12, the results of the operability limiting boundary for five
load cases in wave heading of 60° at 8 knots are given. VA, LA, GW,
and SL refer to Vertical and Lateral Acceleration, Green water, and
Slamming. In the figure, the horizontal axis is the peak period. The
vertical axis is a limit of significant wave height, where the boat
responses do not exceed the seakeeping criteria. Each peak period
has a different limitation of significant wave height. The ‘No
Wave’ line is a border showing the breaking wave limit. This theor-
etical limit of breaking waves is shown in Equation 18.

HBW = 0.105T2
p (18)

where HBW is limit of breaking wave (m), Tp is peak period (sec).
According to Figure 12, for all load cases, the limit of significant

wave height for green water and slamming probability criteria are
above the ‘No Wave’ line. This means, the boat would not surpass
these two seakeeping criteria for all wave periods and significant
wave height combinations and can be fully operated (PO is 100%).

On the other hand, the trough of the other four criteria lies
below the ‘No Wave’ line when Tp > 2 s. Between 2–4 s, some cri-
teria have the limits of significant wave height of one metre, while
the others are a half metre. From WSD data in Table 7, it can be
seen that the probability of occurrence for Hs with no more than
a half metre is 39.8% for the total peak period. This result suggests
that the boat has a low PO. Details of the results of percentage oper-
ability are described in the following section.

Examining Figure 12, the limiting significant wave heights are
different for each load case. Overall, all load case has a limiting sig-
nificant wave height below one metre. Referring to the limiting sig-
nificant wave height based on the formula from Deakin (2006,
2005), the boat in this study has a limiting significant wave height
below one metre. The results from this study are in line with Dea-
kin’s. However, this study reveals which wave period results in low
limiting significant wave height.

5.3. Percentage operability (PO)

PO results for three speeds, seven wave headings, and five load cases
are listed in Figures 12–15. The probability of occurrence for each
wave heading is considered equal. Thus, based on Equation 15, an
average of all wave headings is defined as the PO for all headings.

Figure 13 shows the percentage operability for Criterion 1 (RMS
Roll) and Criterion 2 (RMS Pitch). The PO for Criterion 1 reaches
low values in wave heading of 60°, 90°, and 120° for all speeds
except at 8 knots, which can be operated well (100%) at 120°.
Load Case 4 is the worst operability at zero speed and four knots.
Contrary to 8 knots, Load Case 2 is the lowest value for the RMS
roll criterion. According to Figure 11, Load Cases 2 and 4 have a
minimum GM/KM ratio than other load cases, meaning that the
roll damping is low, and hence the roll response is higher than in
other cases.

The low PO for pitch criterion belongs to wave heading of 0°,
30°, 150° and 180° (head, quarter, and following waves). For 8
and 4 knots, the lowest PO occurs in following waves (180°) and
quarter-following waves (150°), while the opposite is true in the

Figure 11. Ratio KG and GM to KM.
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Figure 12. Operability limiting boundary in wave heading 60°, at 8 knots for Load Case 1 (a), Load Case 2 (b), Load Case 3 (c), Load Case 4 (d), Load Case 5 (e).
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zero speed case where this occurs in head waves (0°). For every
speed, an average of PO for each load case has a similar value.

Figure 14 illustrates the PO for Criterion 3 (Probability of Green
Water) and Criterion 4 (Probability of Slamming). It can be con-
cluded that almost all speeds and load cases have excellent operabil-
ity. A one hundred per cent operability is found at zero ship speed.
At 4 knots, Load Cases 4 and 5 have the lowest operability value in a
heading wave (0°), which is around 97-98%. For the maximum
speed, the lowest operability value does not occur inhead wave
but quarter following waves (150°) and following waves (180°).
However, the value is no less than 89.9%. For both criteria, this
value is sufficiently high for safe operations.

PO for Criterion 5 (vertical acceleration) and Criterion 6 (lateral
acceleration) are shown in Figure 15. According to Criterion 5, the
boat can be operated well for all load cases at zero speed. For Cri-
terion 6, the lowest operability value is around 99%, occurring in
head waves. The PO for criterion 5 in wave heading 0° and 30°
have the lowest value in maximum speed, varying from 35% to
63%. This value is not high enough to operate the boat safely. For
a 60° heading, the PO value is around 78% to 87%, whereas in
the case of criterion 6, the lowest operability value occurs in heading
60° and 90°, above 91.9%.

The minimum PO values between criteria 1 and 6 are selected as
the PO for all criteria, as shown in Figure 16. For wave headings of
60° and 90°, RMS roll is selected as PO for all criteria. For other
wave headings, RMS Pitch is selected. For the highest speed, the
operability for all load cases varies from 61% to 64%. For medium
speed and zero speed, the operability is around 67% to 74%. Overall,
the PO of this boat is relatively small. The boat cannot be operated
safely in the Java Sea because some combinations of significant
wave heights and wave peak periods do not meet the RMS roll
and pitch limiting criteria.

Based on Figure 13, with the low PO value, the RMS roll is pre-
dicted will surpass 6°. However, the maximum roll response experi-
enced by the boat is still unknown until the analysis of the expected
maximum roll is carried out.

Figure 17 presents the PO for the expected maximum of roll
motion, with AVS (left-hand side) and DFA (right-hand side) as
a limiting angle, given in Table 5. The left-hand side shows that
almost all load cases have 100% PO, except LC 4. Based on these
results it can be concluded that the boat can operate well in all
cases except under the condition of LC 4. It should be noted that
100% of PO here means that the boat can operate without having
a negative GZ, as the roll response is predicted not to exceed

Figure 13. Percentage Operability for Criterion 1 and Criterion 2.
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AVS. From this case, the different limiting angle (AVS) does not
give a clear difference between the load case to the PO value.

On the right-hand side of Figure 17 (with DFA as a limiting
angle), it can be observed that each loading case results in a unique
PO value. Since the DFA is lower than AVS, the calculation of PO
becomes more sensitive to loading conditions even if the same lim-
iting angle is used. This makes the distinction between load cases
clearer.

Consequently, as LC 1 has the highest limiting angle (DFA),
the PO of LC 1 is the highest. With DFA as a limiting angle,
LC 1, LC 3, and LC 5 no longer have 100% operability like
those from AVS. From this comparison, the choice of DFA as a
limiting angle to calculate PO is better than AVS because this
angle is more sensitive and clearly shows the distinction between
the load case. It also should be noted that 100% of PO, in this case,
means that the boat can operate without the edge of the deck
meeting the water.

5.4. Operability robustness index (ORI) for roll motion

5.4.1. ORI for RMS roll motion
ORI is an operability index to assess a particular criterion. In this
study, the chosen maximum limiting angle (OPtot max) criterion
for RMS roll is referred to Tello et al. (2011), which is 6°, as

shown in Table 6. For each angle, the PO was calculated and plotted
as a curve. The area below the curve is calculated as shown in
Equation 16. In this research, angles from zero to the maximum
limitation angle (OPtot max) are divided into six angles to employ
Simpson Rule for calculating the area below the curve. This area
is then compared to the maximum area of the possible PO (100%
× OPtot max).

In Figure 18, the ORI results of RMS roll motion for all load
cases in wave heading 30°, 60°, and 90° are presented. All loading
condition attain their highest ORI value for a wave heading of
30°. This heading does not influence the roll motion as much as
the others. Overall, LC 2 and LC4 have the lowest value compared
to other load cases, except for LC 4 at maximum speed with a wave
heading 60°. It can be concluded that it will be perilous for the
fishermen to put the caught fish above the deck during the oper-
ation under the LC 2 and LC 4 conditions, especially when they
catch the fish in large quantities at once, as it will suddenly influence
the roll response of the boat.

If the ORI results in Figure 18 are compared with the PO for the
RMS roll in Figure 13, it can be seen as a clear view of why the ORI
results are more objective than the PO results. PO values for LC 2
and LC 4 at 4 knots with a wave heading of 30° are similar, 74% and
74.80%, respectively. However, the ORI values for both load cases
are different, 0.31 and 0.38. For the wave heading of 60°, PO values

Figure 14. Percentage Operability for Criteria 3 and Criteria 4.
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Figure 15. Percentage Operability for Criteria 5 and Criteria 6.

Figure 16. Percentage Operability for All Criteria.
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for LC 2 and LC 4 are also similar, specifically 37.70% and 37.90%.
However, the ORI results are different, 0.17 and 0.21. From that
example, it can be concluded that ORI approaches its maximum
value slower than the PO value, and, therefore, allows boat
designers and operators to rank performance independently of
the chosen limiting criterion with a similar PO.

As explained by Gutsch et al. (2020), in comparison to PO, ORI
accounts for the development of the PO value on its complete
course of its behaviour between zero and the chosen maximum
motion limitation. Gutsch et al. further conclude that ‘therefore,
the ORI behaves qualitatively similar but approaching its maximum
possible value of 1.0 slower. Consequently, the ORI allows vessel
performance assessment to be more independent of the chosen
environmental condition and level of limitation criteria.’

5.4.2. ORI for expected maximum of roll motion
The ORI of the expected maximum of roll motions are presented in
Figure 19 for all load cases and speeds with wave headings of 30°,
60°, and 90°. Different OPtot max, AVS and DFA, were examined
as shown in Table 5. Angles from zero to maximum limitation
angle (OPtot max) are also divided into six angles to employ Simpson
Rule for calculating the area below the curve.

AVS as aOPtot max is presented on the left-hand side of Figure 19.
Each load case has a different AVS which results in a different ORI.
This difference cannot be seen by examining PO results (Figure 17).
Based on the figure, for almost all conditions, the ranking of ORI
values from best to worst is LC 3, LC 5, LC 1, LC 2, and LC
4. The order is different for 8-knots speed with a wave heading of
30°, where ORI for LC 4 is higher than LC 3 with a slight difference.
The order of ORI results from the left-hand side of Figure 19 is
aligned to GM/KM ratio in Figure 11 and the AVS from Table 5.
Specifically, higher GM/KM ratios give better ORI values.

The ORI indicator gives a new perspective to better assess better
Load Cases in seakeeping performance, especially in roll motion
with the same PO of 100% (LC1, LC 3, and LC 5). When using
AVS as a limiting angle, LC 3 is the best scenario for other load
cases. This load case also has the highest GM/KM ratio, namely
59%. Under these conditions, the response of the roll motion
becomes low, as seen from the Roll RAO in Figure 10.

On the other hand, when DFA is set as a OPtot max (right-hand
side of Figure 19), all ORI values become lower than AVS. The
reason is that the DFA is lower than AVS. In these cases, the limit-
ing criterion became stricter, so the PO value also decreased (Figure
16). From the right-hand side of Figure 16, the PO of expected

Figure 17. Percentage Operability for Expected Maximum of Roll with a different limiting angle.
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maximum of roll for LC 1 and LC 3 with a wave heading of 30° is
100%. The ORI results also allow boat designers or boat operators
to distinguish and rank them. For zero speed, LC 3 is better than
LC 1. For medium and maximum speed, LC 1 is better than LC 3.

As shown in Figure 19, even though ORI can rank all load cases,
with different OPtot max (AVS and DFA) the order of load cases are
different from top to bottom. This becomes clearer at the medium
and maximum speeds. For example, Figure 20 explains why there is
a different order of ORI values between LC 4 and LC 5 at maximum
speed with a wave heading of 60°.

Based on Figure 20a, the maximum limiting angle (AVS) of LC 4
(32.96°) is lower than LC 5 (82.27°). At the low limiting angles, the
PO of LC 4 is higher than LC 5. However, because LC 5 has a higher
limiting angle and 100% PO at last limiting angles, LC 5 has a
higher ORI that LC 4. When DFA is employed as a maximum limit-
ing angle (Figure 20b), which is 26° for both load cases, the ORI
results show that LC 4 is higher than LC 5.

This comparison shows that the ORI value is not only influenced
by the maximum limiting angle (OPtot max) but also the value of PO
in each limiting angle. The lowerOPtot max does not always make the
ORI value lower. The PO value in each limiting angle also contrib-
utes to increasing the ORI value because the area below the curve is
calculated from the PO value.

6. Conclusion

In this study, an operability assessment, both in Percentage Pper-
ability (PO) and Operability Robustness Index (ORI), was carried
out under different loading conditions. Different loading conditions
give different GM/KM ratios as the position of KG changes. This
ratio influences the roll responses and dampings, as shown in roll
RAOs, but does not noticeably affect heaving and pitching motion,
as the LCG is not influenced significantly.

The operational area of the boat, which can be categorised as sea
state 3, gives low PO, especially in the peak period of 1–3 s. The PO

of the boat for all criteria is not high, varying from 61% to 74%.
Among all criteria, the limiting boundary for Criteria 1 (RMS
Roll motion) and Criteria 2 (RMS Pitch Motion) renders the PO
value low.

The PO for RMS roll motion is low because it exceeds 6° as a
maximum limitation. This situation might make the crew uncom-
fortable on board, but it does not mean that the boat is unsafe.
Therefore, an expected maximum of roll motion investigation
was carried out to ensure the roll responses do not surpass the
AVS. Thus, the GZ value is always positive. Once the GZ value
becomes negative, the boat will be unstable and capsize. DFA was
also employed as another limiting angle to investigate whether
the expected maximum of roll will exceed DFA. If so, the deck
edge will meet the seawater and the water is assumed to be on
the deck.

Based on the PO for the expected maximum of roll motion, LC 4
is the worst scenario for all speeds and headings (for AVS chosen as
OPtot max). LC 2 is the same for medium and maximum speeds with
wave headings of 60° and 90°. While other load case has 100% oper-
ability, which means the maximum roll response do not surpass the
AVS. The boat is predicted to be stable and has a positive GZ.

On the other hand, the PO results are different for DFA as
OPtot max. Some load cases no longer have 100% operability like
those from AVS. The expected maximum roll of the boat was pre-
dicted will exceeding DFA. From this comparison, the choice of
DFA as a limiting angle to calculate PO is better than AVS because
this angle is more sensitive and clearly shows the distinction
between the load cases. Among load cases with 100% operability
for the expected maximum of roll motion, an ORI investigation
was carried out to assess which Load Case is better. A different
OPtot max will give different results of ORI.

A loss of stability due to restoring moment variations when the
wave profile is taken into account, such as parametric roll and pure
loss of stability, is a part of our future work. The roll responses of a
fishing boat from the head and following waves will be investigated

Figure 18. Operability Robustness Index (ORI) Value for RMS Roll Motion.
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using an unsteady Reynolds-Averaged Navier Stokes-based Com-
putational Fluid Dynamics (CFD) technique. This technique will
enable researchers to include the effect of the full nonlinearity
and coupled heave, pitch, and roll motions.
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