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a b s t r a c t

IMO stability regulations include various stability parameters such as GM values. To assess the stability of
the ships, we should check all stability parameters of the IMO requirements. However, since this process
is complex, a more convenient way to evaluate stability performance is required. In this research, the
index for marine ship intact stability assessment (IMSISA) model was developed to solve these problems.
The IMSISA model consists of a stability index calculation module and a stability assessment module. In
the stability index calculation module, ten stability parameters, including GM, were used to develop the
stability index, which has the advantage of being able to quantify the ship stability. The stability
assessment module uses the stability index value to determine the stability status of the ship and
provides the captain with stability management guidelines. To verify the proposed model, the basic
stability calculations were performed for two model ships in 32 loading situations. The proposed model
was found to provide better performance in the stability assessment than the previous study. By applying
the IMSISA model to the ships, the captain can assess the ship stability more quantitatively and
efficiently.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The purpose of the IMO (International Maritime Organization)
Stability Regulations is to improve the safety of the ships by
providing the captain with the guidelines for securing the stability.
The IMO Stability Regulations were established through the Reso-
lution A.562 (IMO, 1985) Convention in IMO and was amended in
Resolution A.749 (IMO,1993)) and ResolutionMSC.267 (85), IS Code
(IMO, 2008).

Several related researches were also conducted in the 1930s,
before IMO played the important role in establishing the standards
for ship stability. Pierrottet (1935) built the basic concept of what
later will be the Weather criterion. Rahola (1939) tried to provide
procedure by which we may judge with adequate certainty the
amount of the stability of a vessel. These researches laid the
foundation of ship stability research in the beginning of themodern
age.
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Since the modern era, IMO has long developed intact stability
criteria for various types of ships, culminating in the completion of
the Code on Intact Stability for All Types of Ships. The IS Code
included fundamental principles such as general precautions
against capsizing; weather criterion (severe wind and rolling cri-
terion); effect of free surfaces and icing; and watertight integrity.
The IS Code also addressed related operational aspects like infor-
mation for the master, including stability and operating booklets
and operational procedures in heavy weather. Generally, these
criteria could be regarded as the first-generation intact stability
criteria.

In these empirical criteria, the casualty data of ships of 100 m
length or less were used to determine the relationship between GZ
curve parameters and ship stability safety. Many researchers have
tried to develop methods for evaluating the ship intact stability in a
variety of ways depending on the ship type and sea conditions.

The first international intact ship stability rule finally originated
by a recommendation contained in the conclusions of SOLAS060
(Francescutto, 2016). The general Stability Criteria based on right-
ing arm characteristics was adopted by IMCO (IMO, 1968).
Kobylinski (1975) suggested an academic concept for stability
criteria problems. The standard issue of weather criterion in intact
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:namkyun.im@mmu.ac.kr
mailto:lecieldenuit@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijnaoe.2021.01.005&domain=pdf
www.sciencedirect.com/science/journal/20926782
http://www.journals.elsevier.com/international-journal-of-naval-architecture-and-ocean-engineering/
http://www.journals.elsevier.com/international-journal-of-naval-architecture-and-ocean-engineering/
https://doi.org/10.1016/j.ijnaoe.2021.01.005
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.ijnaoe.2021.01.005
https://doi.org/10.1016/j.ijnaoe.2021.01.005


Nomenclature

f0 Angle of heel under action of steady wind
f1 Angle of roll to windward due to wave action
f2 Angle of down-flooding(ff ) or 50� or fc, whichever is

less
fc Angle of second intercept between wind heeling

lever lw2 and GZ curves
ff Angle of heel at which openings in the hull,

superstructures or deckhouses which cannot be
closed weather tight immerse

ai ith IMO Stability Parameter
ai IMO IMO Criterion of ith IMO stability parameter
ai SafetyLimit ith IMO Stability Parameter when all stability

parameters satisfy the IMO stability regulation for
the first time as stability improves

ai FullLoading ith IMO Stability Parameter in standard full loading
Condition

Anglecoeff Heeling Angle Coefficient
AnglemaxGZ Heel angle corresponding to maximum GZ
Anglepassenger The angle of heel on account of crowding of

passengers to one side

Angleturning The angle of heel on account of turning
Area0�30deg Area under GZ curve between 0� and 30�

Area0�40deg Area under GZ curve between 0� and 40� (or
flooding angle, whichever is less)

Area30�40deg Area under GZ curve between 30� and 40� (or
flooding angle, whichever is less)

GoM Initial metacentric height
GZ30deg GZ at a heeling angle of 30� or more
IMSISA Index for marine ship intact stability assessment
k Stability Index Coefficient
lw1 Steady wind heeling lever
lw2 Gust wind heeling lever
RangeGZ The residual range of positive stability in degree
SIai ith IMO Stability Parameter Index
SIIMO Stability Index by IMO Stability Regulation
SIIMSISA Stability Index by IMSISA model
SIwave Stability Index by Wave Conditions
wavecrit The minimum, or critical, wave height that might

capsize the vessel
waveIMO The sea state in which a vessel might be vulnerable if

it just complies with the IMO minima
SGISC The Second-Generation Intact Stability Criteria
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stability was already dealt with by several researchers (Yamagata,
1959; Goldberg and Sarchin 1962). Following these movements,
many researchers also carried out related issues.

Mantari et al. (2011) reviewed the intact stability of fishing
vessels under beamwaves and wind, and Hu et al. (2015) evaluated
the stability of a sail-assisted ship using the Weather Criteria of the
intact stability regulation. Deybach (1997) reviewed the stability of
Naval Ships using the IMO Intact Regulations and noted the limi-
tations that could occur when applying the IMO Intact Regulations
due to the characteristics of Naval Ships that are different from
general ships. Marutheri Parambath (2019) conducted a study to
develop intact stability criteria for weather criterion applicable to
river-sea.

As mentioned above, various research approaches have been
proposed by many researchers to evaluate the ship’s intact stability
criteria, however there are still limitations. It may be inappropriate
to adopt such existing criteria to large and modern ships such as
containership, car carriers and RoPax ships employing advanced
design technologies (Umeda, 2016). As a result, the research on the
Second-Generation Intact Stability Criteria (SGISC) have launched
in 2001 as a part of the revision of the intact stability code at the
IMO (Francescutto, 2016). The characteristics of the approach in the
SGISC is physics-based and multi-tiered rather than empirical
method.

Kobylinski (2009) studied the development of evaluation
criteria for the second-generation intact stability assessment
method mentioned at the Sub-committee SLF of IMO meeting.
Umeda et al. (2009) studied stability in Capsizing, Broaching, and
Parametric Rolling, which are the initial studies to prepare the
evaluation criteria for the second-generation intact stability.
Belenky et al. (2011) proposed the criteria for intact stability in
consideration of pure loss of stability, and broaching-to. Andrei and
Blagovest, (2013, 2015, Andrei, 2017) proposed the intact stability
criteria and method for examining the parametric rolling and pure
loss of ships in longitudinal waves.

Hasanudin and Chen (2015) conducted a study to present the
evaluation criteria for evaluating ship survivability in a situation
where the ship is overturned, considering the limitation that the
IMO stability rule can be applied only to ships operated by Calm
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Water. Tompuri et al. (2016) mentioned that the second-generation
intact stability evaluation itemmay cause operational limitations in
the ship design stage. Chung et al. (2020) reviewed the progress of
research on second-generation intact stability and presented
prospects for future research.

There are several categories in research contributions for the
SGISC. The first group includes papers which focus on analyzing the
simplified stability failure assessment methods (Umeda and
Francescutto, 2016). The second group deals with more higher-
level criterion, “direct stability assessment”, which requires more
advanced calculation tool such as computer or experimental facil-
ities. The third group focus on the research of the main five dy-
namic stability failure modes, i.e. parametric roll resonance, pure
loss of stability, surf-riding and broaching, dead ship condition and
excessive accelerations (Manderbacka et al., 2019). Currently, only
vulnerability criteria with a limited number of remaining issues
were agreed in the IMO (IMO, 2015 and 2016).

Meanwhile various ship stability researches have been con-
ducted separately from or partly related with the researches of the
SGISC. These studies were carried out with the main purpose of
developing a system that acquires ship motion data by mounting a
real sensor and communication system and uses these data to
evaluate the ship’s intact stability performance in real time.

Brown and Witz (1996) studied a method for evaluating the
stability of a ship in real time using rolling measurement. �Alvarez
Santullano and Souto-Iglesias (2014) analyzed the relationship
between the stability and safety of a ship using data from a small
ship. Caama~no et al. (2018) developed a system to identify the GM
of a ship and evaluate its stability using lateral fluctuations in mid-
sized fishing vessels. Terada et al. (2018) proposed a system to
evaluate the GM of a ship by measuring natural frequency on the
roll motion for container ships. Gonz�alez et al. (2016) conducted a
study to evaluate the stability of a vessel in operation in real time on
a fishing vessel. Ariffin et al. (2016) proposed a real-time evaluation
system for second-generation intact stability using data provided
by Radar and Buoy.

These studies are considered very effective in terms of practi-
cality, as they can provide useful tools to evaluate the ship intact
stability performance in real time.
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Finally, a number of intact stability assessment studies have
been conducted to provide convenient functionality from the ship’s
operator’s perspective. The main goal of these researches is to
develop functions that are more convenient and easier for captains
to understand the situations of ship intact stability.

Wolfson Unit (2005) proposed the estimation formula for the
significant wave height that can cause the vessel to capsize using a
model ship experiment. The estimation formula is composed of
variables related to the GZ Curve. In addition, Wolfson Unit (2006)
proposed estimation equation for a significant wave height using
the ship length to induce the ship’s rollover when the ship stability
meets the IMO minimum requirement through the case where the
ship capsized. Deakin B (2006, 2010) developed the guideline for
stability assessment for ship owners and crew based on the
research of theWolfson Unit. MMGonz�alez et al. (2012) proposed a
process of evaluating the stability performance of fishing vessels
with a single numerical value and a program that provides the
master with stability information. This study has the merit that it is
easy to show the satisfaction of IMO stability regulation as one
number, but there is a limitation that it does not provide infor-
mation other than regulation satisfaction. Im et al. (2018) proposed
an evaluation method for expressing the IMO intact stability eval-
uation items with one value except for Weather criteria.

These researches are characterized by providing a useful func-
tion for easily evaluating the ship intact stability from the ship
operator’s point of view. Ship operators may have relatively less
knowledge on ship motion or design compared to ship designers.
Therefore, these studies are considered effective from the point
view of ship operators.

As mentioned in literature review, although there have been
many studies on the intact stability evaluation of ships, there are
few studies on the comprehensive and quantitative assessment to
the intact stability of ships. The IMO stability standards include
many of the intact stability parameters required to determine the
stability of ships. All stability parameters should be reviewed to
determine whether the ship meets IMO requirements. It is also not
easy to quantify the stability of the ships, because the current IMO
intact stability regulations only show the minimum standards
necessary to meet the requirements.

From these perspective, this study suggests the IMSISA (Index
for Marine Ship Intact Stability Assessment) model which provides
the ability to assess the intact stability of ships based on the index
of ship stability performance, called the Ship Stability Index. This
study was conducted to develop an improved method for evalu-
ating intact ship stability based on the parameters of the first-
generation intact stability IMO regulation. Even if all parameters
of the SGISC are finalized in the future, the first-generation intact
stability criteria will still be critical factors for the SGISC. Damage
stability issues are outside the scope of this study. Since the main
objectives of this study are to express ship stability as one number,
only intact stability issues are included in the research scope.
However, the results of this research could be extended to a new
method, which evaluates ship stability by further including the
parameters of the SGISC when all criteria for the SGISC are deter-
mined in the future.

Compared with the previous researches, the main contributions
of this article are as follows.

First, the concept of stability index was proposed, which can
quantify and assess the stability of ships with a single indicator
value. Currently, the captain should review 6 to 10 stability pa-
rameters to verify the stability performance of the vessel under the
IS Code of IMO regulations. However, the IMSISA model has the
advantage of being able to quantify the ship stability using a single
stability index, which combined various stability parameters.

Second, it provides a numerical representation of the safety of
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ship stability. Currently, the IMO ship stability regulations only
assess whether the stability of the ship is satisfactory or unsatis-
factory. It is not easy to quantify and evaluate the stability of ships.
However, the stability index makes it possible to estimate the
stability satisfaction of the ship quantitatively.

Third, the stability index provides guidelines for evaluating
intact stability to the ship’s captain. The captain can utilize the
guidelines to review the IMO intact stability performance and
secure a means to intuitively check the stability of the ship.

To develop the IMSISA model, IMO stability regulations were
reviewed, and basic stability calculations were performed for
various cargo loading scenarios for two model vessels. Ten stability
parameters, including GM, were evaluated, and the stability index
was derived by applying the stability index formula to the results.
Based on the derived stability index, the stability of the ship was
evaluated, and the guidelines of the stability assessment for
securing ship safety were presented. The following two methods
were used to verify the IMSISA model. First, basic stability calcu-
lations for various loading conditions were performed. It was
confirmed that the proposed stability index adequately explains
the ship stability based on existing IMO stability requirements. The
stability index was proven to assess the safety of ship stability
adequately. Second, the proposed stability index was verified in
comparison with the previous study. The IMSISA model was
confirmed to be an alternative and improved stability assessment
method that can overcome the limitations of previous studies.
2. Parameters of IMO intact stability regulations

The core work of the IMSISA model is to suggest the stability
index. Ten stability parameters, including the GM of IMO stability
requirements, were considered to derive the stability index.

Table 1 summarizes the stability parameters and their criteria
used to calculate the stability index. Eight out of the ten stability
parameters, including GM, are general criteria that apply to cargo
ships. The two parameters (Angleturning and Anglepassenger), rudder
and passenger induced heeling angle, can be used as stability in-
dicators for passenger ships.

The ten stability parameters are summarized as follows: GM
(Metacentric Height) refers to the height from the center of gravity
to the transverse metacenter, taking into account the influence of
the free surface of the liquid. The GZ30deg means the righting arm at
30� of the heeling angle. The AnglemaxGZ is the angle at which the GZ
reaches the largest value in the range. Fig. 1 shows three patterns of
the area under the GZ curve in the IMO stability regulation. The
Area0�30deg refers to the area of “a" under GZ curve between 0� and
30� of the heeling angle, the Area30�40deg is the area of “b" between
30� and 40�(or flooding angle, whichever is less) and the
Area0�40deg means the area of “aþb" between 0� and 40�(or
flooding angle, whichever is less). Fig. 2 illustrates the weather
criterion. Steady wind pressure on the ship causes a heeling arm
(lw1). As a result, a heel angle (f0) is generated to achieve equilib-
rium, and the wave motion causes the ship to heel with an angle
(f1) against the wind. At this moment, it should not exceed the
value of 16� or 80% of the immersion angle, whichever is less. Also,
due to the gust wind pressure, the ship is subjected to happen the
inclination. In this case, the area of “d" should be larger than the
area of “c".

On the other hand, when evaluating the stability of a passenger
ship, it is necessary to further examine the heeling angle on account
of the ship’s turning and the crowding of passengers to one side.
The heeling angle (Angleturning) generated by the rudder operation
should not exceed 10�. The heel angle can be calculated by applying
the balance between the turning moment and static righting



Table 1
Stability Parameters used to Stability Index.

Stability
Parameter

Criteria Ship type

GM 0.150m Cargo Ship
&
Passenger Ship

GZ30deg 0.200m
AnglemaxGZ 25deg
Area0�30deg 0.055m-rad
Area0�40deg 0.090m-rad
Area30�40deg 0.030m-rad
Arearatio 1.0
f0 16� and 80% of the angle of deck edge immersion, whichever is less
Anglepassenger 10deg Passenger ship
Angleturning 10deg

Fig. 1. Area under GZ curve.

Fig. 2. Weather criterion.
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moment using the GZ curve and the moment obtained by the
following Eq. (1).

MR ¼0:200� V2
0

LWL
�D�

�
KG� d

2

�
(1)

where.

MR : Heeling moment by turning (kNm)
V0 : Service speed (m/s)
LWL : Length of ship at waterline (m)
D : Displacement (t)
d : Mean draught (m)
KG : Height of centre of gravity above baseline (m)
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The heeling angle (Anglepassenger) due to the effect of the
crowding of passengers to one side should not exceed 10� and can
be calculated from Eq. (2). In this study, the regulation by the
Korean Government was used to calculate the heeling angle
(Ministry of Oceans and Fisheries, 2016). This is a simplified
empirical formula, which has the advantage that results can be
easily obtained only with the basic dimensions of a ship.

MP ¼
0:214kNm2 P�

7
m2 � n

a

�
n$b

100
(2)

where.

MP : Heeling moment by passenger (kNm)
n: Number of passengers at each passenger site.
a: Floor area at each passenger site. (m2).
b: Average of lateral movement distance of passengers in pas-
senger’s accessible places (m)
3. IMSISA model

This chapter describes the structure of the IMSISA model. The
IMSISA model consists of two modules: stability index calculation
and stability assessment. The stability index module includes
several formulas to calculate the stability index. The stability
assessment module suggests the safety guidelines for quantita-
tively assessing the stability of ships using the stability index.

3.1. The structure of IMSISA model

The primary function of the IMSISA model is to quantify and to
assess the stability of ships with a single indicator value. It will
further help the master analyze the stability status of a ship and
take the most proper measures when the safety is not secured.

Fig. 3 shows the flowchart of the IMSISA model. The first step is
to generate the necessary IMO stability information (GZ curve, Mp,
and Mr), which includes the ten IMO stability parameters (ai). They
are converted into the IMO stability parameter index (SIai) by the
IMO stability parameter index formulas. The main role of these
equations are to calculate each index for the ten IMO stability pa-
rameters. More details are given in Eq. (3). Finally, the stability
index is calculated from the IMO stability parameter index by the
stability index formula.

When the stability index value is determined, its value is
assessed and classified into five risk levels. They include “Severe
Risk," which is the most dangerous condition, and “Considerably
Safe," which is the safest state. The master of the ship can use the
five risk levels to determine the safety of the ship.
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3.2. Stability index calculation module

The IMSISA model calculates the stability index by Eqs. (3) and
(4). The ten stability parameters (ai) are normalized to the IMO
stability parameters index (SIai) using the IMO stability parameter
index formula, Eq. (3).

As shown in Eq. (3), we divided normalization into two groups.
The first group includes the seven components (a1 � a7), which are
general parameters applied to cargo ships. In this group, the higher
the parameter value is, the better the stability performance is.
However, in the second group, which includes the three parameters
(a8 � a10), the lower the parameter value is, the better the stability
performance is. Each group uses a different formula to determine
the IMO stability parameter index.
}if i¼1;2;…;7}

SIai ¼ k� ai
ai�IMO

ðif 0� ai < ai�IMOÞ

¼ kþð1� kÞ� ai � ai�IMO

ai�SafetyLimit � ai�IMO

�
if ai�IMO � ai < ai�SafetyLimit

�

¼ 1þ ai � ai�SafetyLimit

ai�FullLoading � ai�SafetyLimit

�
if ai�SafetyLimit � ai < ai�FullLoading

�

¼ 2þ ai � ai�FullLoading

ai�FullLoading

�
if ai�FullLoading � ai

�

¼ 1þ
�����

ai � ai�SafetyLimit

ai�FullLoading � ai�SafetyLimit

�����
�
if ai�SafetyLimit � ai > ai�FullLoading

�

¼ 2þ
�����
ai � ai�FullLoading

ai�FullLoading

�����
�
if ai�FullLoading � ai

�
� 1

}if i¼8; 9; 10}

SIai ¼ k�
�����

Anglecoeff � ai
Anglecoeff � ai�IMO

�����
�
if Anglecoeff � ai > ai�IMO

�

¼ kþð1� kÞ�
�����

ai � ai�IMO

ai�SafetyLimit � ai�IMO

�����
�
if ai�IMO � ai > ai�SafetyLimit

�

¼ 1þ
�����

ai � ai�SafetyLimit

ai�FullLoading � ai�SafetyLimit

�����
�
if ai�SafetyLimit � ai > ai�FullLoading

�

¼ 2þ
�����
ai � ai�FullLoading

ai�FullLoading

�����
�
if ai�FullLoading � ai

�

(3)
In Eq. (3), k denotes the stability index coefficient chosen to be
0.5 to indicate that 50% of parameters meet the IMO requirements.
ai�IMO means IMO Criterion of ith IMO stability parameter as listed
in Table 1. ai�SafetyLimit indicates “the value of ith IMO Stability
Parameter” when all stability parameters satisfy the IMO stability
regulation for the first time as stability improves. These mean the
values of IMO stability parameters at the point in time when all 10
stability parameters meet the IMO regulations with the minimum
values. The definition of “standard full loading condition” in
ai�FullLoading refers to IS Code (2008). It means the loading condition
of a ship in the fully loaded departure condition with cargo, full
stores and fuel and with the full number of passengers with their
luggage. The Anglecoeff denotes the maximum heeling angle coef-
ficient. In this study, assuming that the heeling angle due to the
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passenger and rudder is to be 30� in the worst case, the value is set
to 30�. After obtaining each index value (SIai) for the ten IMO sta-
bility parameters, the stability index is calculated finally using Eq.
(4). As can be seen from the formula, the stability index is deter-
mined as the average of the parameters.

SIIMSISA ¼
Pn

i¼1SIai
n

(4)

where.

SIai : ith IMO Stability Parameter Index
n : The number of parameters (n ¼ 8 for cargo ships, n ¼ 10 for
passenger ships)
3.3. Stability index assessment module

The principal purpose of the stability index (SIIMSISA) is to ex-
press the stability of ships as a single indicator value in order to
quantitatively evaluate the stability of the ships. Therefore, it is
required to suggest the guidelines that can quantitatively and
comprehensively assess stability conditions. In this study, the sta-
bility assessment guidelines in Table 2 were proposed to numeri-
cally evaluate the stability of ships according to the value of the
stability index.

As shown in Table 2, the stability of ships is classified into three
categories in terms of satisfaction with IMO stability regulations.
The details are as follows. If the stability index is less than 0.5, it
means that more than 50% of the stability parameters do not meet
the IMO requirements and stability is rated as “Severe Risk." When
the stability index value is between 0.5 and 1.0, several of the
stability parameters (less than 50%) do not comply with the IMO
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minimum requirements and the stability is evaluated as “Danger".
Finally, if the stability index value is greater than or equal to 1.0, all
stability parameters comply with IMO requirements and stability is
rated “Safety condition". In addition, the details of stability evalu-
ation guidelines and navigational instructions are summarized as
follows.

1) 0.0 � SIIMSISA < 0.5

It is significantly vulnerable situations becausemore than 50% of
stability parameters do not satisfy IMO stability minimum re-
quirements. The captain must take prompt action to improve the
stability.

2) 0.5 � SIIMSISA < 1.0

More than 50% of the stability parameters meet the IMO sta-
bility requirements but are still dangerous because they do not
entirely fulfill the IMO stability minimum requirements. The cap-
tain shall take proper actions to ensure that the stability index is
above 1.0 by appropriate measures to improve the stability.

3) 1.0 � SIIMSISA < 1.2

All stability parameters satisfy IMO stability requirements. It is a
safe condition. However, there is not enough margin for the
Fig. 3. Flow Chart of
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stability performance of the ship. The captain shall endeavor to
ensure the stability index of 1.2 or more through appropriate
measures. To ensure sufficient stability, it is recommended to have
at least a 20% margin over IMO stability requirements. In this
research, the margin was set at 20% by referring to the ship’s sea
margin value. It has been empirically found to be in the 15e30%
range (ITTC, 2017; Magnussen, 2017).

4) 1.2 � SIIMSISA < 2.0

All the stability parameters meet the IMO requirements and
maintain a stability margin of more than 20%. It is a safe condition
in terms of ship stability. However, since the stability is somewhat
lower than the standard full loaded condition, which is the stability
index of 2.0, the captain should try to maintain the current stability
situations.

5) 2.0 � SIIMSISA

All stability parameters meet IMO requirements and maintain
stability performance over standard full load conditions. The cap-
tain is advised to keep the current ship’s stability and stability index
over 2.0. The IMSISA model calculates the stability index that helps
the master efficiently determine whether the ship meets the IMO
stability regulations. It also gives the master a stability assessment
guideline that quantifies the stability of the ships.
IMSISA model.



Table 2
Guideline of stability assessment by SIIMSISA

SIIMSISA Compliance with IMO Stability
Reg

Assessment of Ship Stability Recommendations

0.0e0.5 Incompliant (Less than 50% of
the parameters comply with
IMO Stability regulation)

Severe Risk The captain must take prompt action to improve stability.

0.5e1.0 Incompliant (More than 50% of
the parameters comply with
IMO Stability regulation)

Danger The captain shall take proper actions to ensure that the stability index is
above 1.0 by appropriate measures to improve stability.

1.0e1.2 Compliant (All parameters are
comply with IMO Stability
regulation)

Minimum
Safety Condition

The captain shall endeavor to ensure the stability index of 1.2 or more
through appropriate measures.

1.2e2.0 Normal
Safety Condition

The captain should try to maintain the current stability situations.

2.0 [ Considerably
Safe

The captain is advised to keep the current ship’s stability and stability index
over 2.0
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4. Application of IMSISA model

In this chapter, we applied the IMSISA model to calculate the
ship’s stability index (SIIMSISA) and investigated whether the result
adequately assesses the ship’s stability performance. To accomplish
this, a total of 32 loading scenarios were implemented using two
model ships, and the stability performance was evaluated for each
situation.

4.1. Model ships and loading conditions

Two types of vessels were selected as models. The basic infor-
mation and general layout of the two ships are shown in Table 3 and
Fig. 4. The first model is a 16,000-ton-class coastal roro/passenger
ship operated in Korea’s Mokpo-Jeju route. The second model is a
4600-ton-class Mokpo Maritime University training ship.

A variety of cargo loading situations were implemented using
the model ships to investigate the stability performance under
various loading conditions. As can be seen in Table 4, the value of
the GMwas changed by the center of gravity while maintaining the
range of 80%e100% of the displacement of the ships. The cargo
loading situations comprise 32 scenarios, among which 18 for roro/
passenger ship and 14 for training ship. The roro/passenger ship has
the GM of 0.1e2.93M, and the training vessel has 0.1e2.0M.

4.2. Basic stability calculation

In this section, the IMO stability performance was calculated for
32 loading scenarios. GZ curves were plotted, and ten stability
parameters of the IMO stability regulations were also calculated for
each scenario.

Fig. 5 and Fig. 6 show the GZ curves for the twomodel ships. The
common point in the two graphs is that the smallest GZ curve is
drawn in scenario No.1, which has the lowest GM value, and the
largest GZ curve is formed in scenario No.18 (roro/passenger ship)
and No.14 (training ship), which have the largest GM values. In
addition, the stability characteristics of the two ships are different
Table 3
The particular of Model Ships.

Items roro/passenger ship Training Ship

Length O. A. 189m 103m
Length B. P. 171m 94m
Breadth(B) 27.00m 15.60m
Draft(d) 6.65m 5.40m
Full Displacement 16,044.74 ton 4,6262.70 ton
Cb < 0.509 0.566
Passenger capacity 1425 per 208 per
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from each other. In the case of the roro/passenger ship, the value of
GM is relatively larger than that of the training ship, while the range
of GZ is relatively narrow. For the training ship, the initial GM is
smaller than that of the roro/passenger ship, but the GZ value
maintained positive until the heeling angle increases to large, so
the range of stability of the ship is more extensive than that of the
roro/passenger ship.

The ten IMO stability parameters were calculated based on the
GZ curves for 32 loading scenarios. The results are shown in Table 5
and Table 6. With roro/passenger ship, four scenarios (No.1e4) do
not meet the IMO requirements, and scenarios No.5 to No.18 show
stability performance satisfying IMO minimum requirements.

In general, the captain highly depends on the GM value when
evaluating the stability of the ship. However, as shown in scenarios
No.2 to 4, even though the GM exceeds the IMO criterion value,
other stability parameters do not meet the IMO stability re-
quirements, hence, the stability of the ship does not entirely
comply with IMO minimum requirements.

As the number of scenarios increases in Tables 5 and 6, stability
is improved steadily. In scenario No.5 (passenger and training ship),
all stability parameters comply with the IMO requirements. In
these cases, since the parameter of Angleturning becomes to meet the
IMO requirements so that the overall stability parameters satisfy
the IMO minimum requirements. The parameters of these sce-
narios are used as ai�SafetyLimit in Eq. (3). They mean the parameter
values at the point where all parameters meet the IMO re-
quirements for the first time as the stability improves.

On the other hand, the IMO stability booklet is regulated to
perform stability calculations in various loading situations,
including “full loading condition". In this study, basic ship stability
was calculated for the standard full loading condition, and the re-
sults applied to the stability index which indicates the stability
condition of “Considerable Safe" as defined in the stability assess-
ment guideline, Table 2. The standard full loading condition is used
as an indicator of considerably safe stability in the IMSISA model.
Scenarios No.13(roro/passenger ship) and No.11(training ship) in
Tables 5 and 6 show the stability parameter values of two model
ships under standard full loading conditions. These values are used
in Eq. (3) as ai�FullLoading .
4.3. Calculation of stability index

This section reviews the calculation results of the stability index
and the IMO stability parameter index. They were derived from the
basic stability calculation performed in the previous section. The
results are shown in Table 7 and Table 8. The computation results
can be evaluated as follows.

In Tables 7 and 8, the stability index should be less than 1.0 in



Fig. 4. Model ships.

Table 4
Scenarios of loading condition.

Roro/passenger ship Training Ship

Scenario
Number

GM (m) KG (m) Disp. (ton) Draft (m) ff (deg) Scenario
Number

GM (m) KG (m) Disp. (ton) Draft (m) ff (deg)

1 0.100 13.259 16,044.740 6.650 47.3 1 0.100 7.659 4626.7 5.42 86.5
2 0.200 13.159 16,044.740 6.650 47.3 2 0.200 7.558 4626.7 5.42 86.5
3 0.400 12.959 16,044.740 6.650 47.3 3 0.300 7.460 4626.7 5.42 86.5
4 0.600 12.759 16,044.740 6.650 47.3 4 0.400 7.359 4626.7 5.42 86.5
5 0.781 12.597 16,044.740 6.650 47.3 5 0.500 7.261 4626.7 5.42 86.5
6 0.800 12.559 16,044.740 6.650 47.3 6 0.600 7.160 4626.7 5.42 86.5
7 1.000 12.359 16,044.740 6.650 47.3 7 0.800 6.961 4626.7 5.42 86.5
8 1.200 12.159 16,044.740 6.650 47.3 8 1.000 6.758 4626.7 5.42 86.5
9 1.381 12.036 15,098.160 6.362 48.6 9 1.200 6.559 4626.7 5.42 86.5
10 1.418 12.000 15,098.160 6.362 48.6 10 1.400 6.360 4626.7 5.42 86.5
11 1.884 11.475 16,044.740 6.650 47.3 11 1.550 6.210 4626.7 5.42 86.5
12 1.905 11.677 13,860.215 5.973 50.3 12 1.600 6.161 4626.7 5.42 86.5
13 1.919 11.441 16,044.740 6.650 47.3 13 1.800 5.960 4626.7 5.42 86.5
14 2.362 11.092 14,806.796 6.270 49.0 14 2.000 5.759 4626.7 5.42 86.5
15 2.408 11.306 13,171.339 5.749 51.2
16 2.519 11.233 12,984.919 5.688 51.5
17 2.829 10.717 14,117.920 6.054 49.9
18 2.931 10.642 13,931.500 5.995 50.2

Fig. 5. GZ Curves of Roro/passenger ship. Fig. 6. GZ curves of training ship.
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scenarios No.1e4 (passenger and training ship) because these
scenarios do not meet IMO stability requirements. Considering that
the stability index was calculated from 0.28 to 0.87 in these sce-
narios, it can be said that the stability index appropriately evaluates
the ships’ stability.

Also, since all stability parameters in scenarios No.5 to 18 (roro/
passenger ship) and 5 to 14 (training ship) comply with IMO
minimum requirements, the stability index must be 1.0 or higher.
The stability index ranges from 1.00 to 2.27, which is the case of the
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roro/passenger ship and 1.01 to 2.23 of the training ship. It shows
that the stability index accurately assesses if the two ships comply
with the IMO stability minimum requirements.

Scenarios No.13e18 of the roro/passenger ship and No.11e14 of
the training ship have better stability than that of the standard full
loading condition. Thus, their stability index should be 2.0 or
higher. Since the computed stability index shows the range of 2.0
and 2.23, it can be said that the stability index accurately assessed
the ships’ stability.

A stability index value of less than 0.5 in the IMSISA model



Table 5
Result of Stability Calculation (Roro/passenger ship).

Table 6
Result of stability calculation (training Ship).
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shows that less than 50% of all stability parameters meet IMO
minimum requirements. It is a hazardous stability condition. Two
scenarios(No.1 and 2 in the training ship) are the cases of which
stability conditions are very vulnerable, and their stability index
was to be 0.28 and 0.41, as shown in Table 8. Considering that seven
to eight IMO stability parameters do not meet the IMO stability
criteria, we estimate the stability index value to assess the ship’s
stability of two scenarios accurately.

On the other hand, a stability index value in the range of 0.5e1.0
means that a stability parameter of at least 50% satisfies the IMO
stability criteria. That is the case with six scenarios (No.1e4: roro/
passenger ship, No.3e4: training ship). Since one to three stability
parameters in these scenarios (except scenario No.3 in the training
ship) do not meet the stability criteria, the stability index weighted
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the ship stability with the range of 0.55e0.87 as shown in Tables 7
and 8 However, in scenario No.3 of the training ship, even though
over 50% of stability parameters do not comply with IMO regula-
tion, the index value exceeds 0.5. It is assumed that this error
occurred because the index value of the AnglemaxGZ and
Anglepassenger in scenario No.3 is relatively higher than the other
parameters. Overall, however, the evaluation performance of the
stability index was excellent.

We summarize the evaluation accuracy of the stability index in
Table 9. According to Tables 5 and 6, 24 scenarios out of 32 comply
with IMO minimum requirements. Hence, the stability index of
them should be above 1.0. For eight scenarios below the IMO
standard, the value should be less than 1.0. Tables 7 and 8 show that
the calculated stability index adequately assessed whether



Table 7
SIai and SIIMSISA of Roro/passenger ship.

Table 8
SIai And SIIMSISA of training Ship.
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scenarios satisfy IMO stability minimum requirements. Thus, the
stability assessment for compliance with IMO requirements was
100% accurate.

On the other hand, according to Table 2, the stability index of
0e0.5 indicates that the stability parameters satisfying the IMO
requirements are less than 50% and the stability is a considerably
dangerous, named “Severe Risk."

Table 9 shows two scenarios (No.1 and 2) of which index is
between 0 and 0.5. These results mean that the calculated stability
index, therefore, assessed whether scenarios met the IMO stability
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minimum requirements with 100% accuracy. In this way, as shown
in Table 9, the accuracy for the stability indices ranging from 0.5 to
1.0 was 83.3%. The case of a range of 1.0e2.0 and 2.0 more also
indicates 100% accuracy. Overall, in 32 scenarios, it was confirmed
that the stability of the ship was assessedwith an accuracy of 96.9%.
5. Verification of IMSISA model

In this chapter, a comparative study with a previous study was
conducted to verify the IMSISA model. The stability index (SIIMSISA)



Table 9
Accuracy of stability assessment by.SIIMSISA

< Compliance with IMO Reg >
SIIMSISA Compliance with IMO Reg. The number of Scenarios The number of scenarios in which the result of IMO Reg. and SIIMSISA match Accuracy (%)

0.0e1.0 Incompliance 8 8 100.0
1.0 [ Compliance 24 24 100.0
Total 32 32 100.0

< Ship Stability Assessment >
SIIMSISA Compliance with IMO Reg. The number of Scenarios The number of scenarios in which the result of IMO Reg. and SIIMSISA match Accuracy (%)

0.0e0.5 Severe Risk 2 2 100.0
0.5e1.0 Danger 6 5 83.3
1.0e2.0 Safety Condition 14 14 100.0
2.0 [ Considerably Safe 10 10 100.0
Total 32 31 96.9
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calculated in the charter 4 was compared with the stability evalu-
ation method of a previous research and the effectiveness of the
IMSISA model was verified.
Fig. 7. SIIMSISA and SIwave of model ships.
5.1. Introduction of previous study

Deakin and Wolfson Unit (2005, 2006) proposed an index to
estimate the significant wave height at which the ship canmaintain
safe stability. This technique determines the significant wave
height at which the ship can be capsized in the current cargo
loading situation and another significant wave height that could
cause the capsizing in the imaginary cargo loading condition that
satisfies the minimum IMO stability regulation. These two wave
heights represent the ship’s stability performance as one numerical
value, called the stability index. The previous study used statistical
data from ship model tests to estimate the stability index.

In this study, the stability performance of ships can be evaluated
by Eqs. (5)e(7). Eq. (5) estimates the significant wave height at
which the ship may capsize when the ship is in a specific stability
condition.

wavecrit ¼
RangeGZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D� GZmax

p
20� B

ðmÞ (5)

where.

RangeGZ : The range over which the ship has positive righting
arms (degree)
D : Ship displacement (ton)
GZmax : The maximum GZ (m)
B : Ship breath (m)

Eq. (6) also estimates the significant wave height at which a
vessel can be capsized when the ship meets the minimum IMO
stability requirements (Deakin andWolfson Unit, 2006). The length
of the ship was considered here.

waveIMO ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 0:4� L

p
� 1 ðmÞ (6)

where.

L : Ship Length (LOA, Length Over All) (m)

The stability index for evaluating the ship’s stability perfor-
mance is calculated by Eq. (7). The value of 1.0 or higher means that
the stability of the ship meets the IMO stability criteria and below
1.0 means that the ship does not meet the IMO stability criteria.
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SIwave ¼ wavecrit
waveIMO

(7)

where.

SIwave : Stability index considering significant wave
wavecrit : Minimum significant wave height to capsize
waveIMO : Significant wave height implies complying with the
minimum IMO requirements.
5.2. Comparative study with previous study

The stability performance of two model ships was calculated
using the previous study, and the results were compared with the
stability index by the IMSISAmodel. To confirm the similarity of the
two stability evaluation methods, the stability index values calcu-
lated by the two techniques are shown in Fig. 7.

As shown in the figure, there is a very similar tendency between
the two stability indices. In particular, the roro/passenger ship
shows a strong similarity. Even for the training ship, there is
considerable similarity in most scenarios except scenarios
No.12e14. Overall, the stability index of the previous study was
larger than that of the IMSISA model. It indicates that the previous
study overestimates the stability of the ships compared to the
IMSISA model. For this reason, the stability indices of scenarios
No.1e4 were calculated to be above 1.0 in the previous study, even
though their stability is deficient and not in compliance with IMO



Table 10
Correlation Coefficient between IMSISA and the previous study.

Category Correlation Coefficient

Roro/passenger ship 0.99
Training Ship 0.97
Roro/passenger ship þ Training Ship 0.95
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minimum requirements. On the other hand, the IMSISA model
accurately calculates these stability index value below 1.0. There-
fore, it is concluded that the IMSISA model shows better assess-
ment performance than the previous study.

Fig. 7 show a considerable similarity between the stability
indices of the two studies. Correlation analysis was performed to
analyze the relationship more quantitatively. The correlation co-
efficient is a numerical value indicating the correlation strength
between two variables. In this study, the correlation coefficient is
calculated using Eq. (8). It is known that the correlation coefficient
is close to 1 as the correlation of two variables is stronger, and the
value is close to 0 as the correlation is weak (Rea and Parker, 2014).

r¼
P�

x� x
	�
y� y

	
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP �

x� x
	2 �P�

y� y
	2q (8)

where,

x,y : Random variable
x,y : Sample Mean of x,y
r : Sample correlation coefficient of x,y

The distribution of the stability index values by the IMSISA
model and previous study is shown in Fig. 8 the correlation co-
efficients are summarized in Table 10. The correlation coefficients
of the two variables were calculated as 0.99 (roro/passenger ship),
0.97 (training ship), and 0.95 (total). Based on these results, it can
be seen that the stability index value of the IMSISA model is quite
similar to the previous study. The quantitative analysis of the
similarity of the two stability indices revealed a “Very Strong Pos-
itive Correlation”.

For further verification, the stability of the two model ships was
evaluated by the previous study, and the results were compared to
the IMSISA model.

Table 11 shows the calculation results of the two ships. In case of
the roro/passenger ship, scenarios No.1e4 out of a total of 18 sce-
narios refer to poorly loaded ships that do not meet the IMO sta-
bility criteria. On the other hand, the stability of scenarios No.5e18
complies with IMO stability requirements. According to the SIwave

calculated in the previous study, scenarios No.1e4 were evaluated
to meet the IMO stability criteria, which is an obvious error. The
IMSISA model, on the contrary, assessed that these scenarios did
not meet IMO stability minimum requirements. The previous study
Fig. 8. The distribution of SIIMSISA and.SIwave
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accurately evaluated the ship stability for 14 of 18 scenarios, which
is 77.8% accurate. But the IMSISA model assessed them with 100%
accuracy.

In other hands, when we reviewed the case of training ship in
the table, scenarios No.1e4 refers to poorly loaded ships that do not
meet the IMO stability criteria. The scenarios No.5e14 mean the
cases when the stability conditions comply with IMO minimum
requirements. In the previous study, scenario No.4 was rated as
meeting the IMO stability criteria, which is an error. The accuracy of
the previous research was 92.8% since there is a performance error
in scenario No.4 out of a total of 14 cases. On the other hand, the
IMSISA model assessed all 14 scenarios with 100% accuracy.

It was confirmed that the previous study evaluated ship stability
for 32 scenarios, with 84.4% of accuracy, while the IMSISA model
showed 100% accuracy.

Since the previous study used approximate estimation formulas
to determine whether the ship stability complies with IMO re-
quirements, it is assumed that these errors happened.

The summary of the validation of the IMSISAmodel is as follows.
The stability index of the IMSISA model was compared with that of
the previous study, and the correlation coefficient was found to be
0.95. A high similarity between the two index values has been
confirmed. The 32 ship loading scenarios were evaluated for
compliance with the IMO stability requirements. While the previ-
ous study showed 84.4% accuracy, the IMSISA model was 100%
accurate in determining whether the IMO stability minimum re-
quirements were satisfactory. The stability index of the IMSISA
model showed better performance than the previous study.
6. Conclusion

The captain in a ship must be familiar with the IMO stability
regulations to review the ship’s stability performance. Depending
on the type of ships, it is necessary to investigate 6e10 stability
parameters to determine whether the vessel meets the IMO sta-
bility minimum requirements.

In addition, current IMO stability regulations have limitations in
quantitatively determining how well a ship’s stability meets IMO
minimum requirements. This study newly proposed the IMSISA
model that can efficiently and quantitatively evaluate the stability
performance of the ships. The results of this study are summarized
as follows.

- The IMSISA model quantifies the stability of ships based on the
ship stability index. The ship stability indexwas calculated using
the combination of the ten IMO stability parameters. The model
comprises the stability index calculation module and the sta-
bility assessment module. The stability index calculation mod-
ule provides a numerical representation of the safety of ship
stability. The stability assessment module provides the ship’s
captain with the safety guidelines for stability assessment. The
IMSISA model can assess ship stability more accurately and
efficiently.

- To verify the IMSISA model, 32 ship loading scenarios were
implemented for two model ships and the stability index was
calculated for each situation. As a result, the stability index was
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100% accurate in determining the compliance with IMO stability
minimum requirements and the stability assessment guideline
evaluated the stability of the ship at 96.9% accuracy.

- For further verification, the stability of the two model ships was
evaluated by the previous study, and the results were compared
to the IMSISA model. The correlation coefficient between the
IMSISA model and the previous study was found to be very high
at 0.95. While the previous study showed 84.4% accuracy in
determining whether the ship stability complies with IMO
minimum requirements, the IMSISA model was 100% accurate.
The IMSISA model showed better performance in the stability
assessment than the previous study.

In this study, it was confirmed that the IMSISA model quantified
the ship’s stability by the stability index and presented stability
assessment guidance to help the captain manage the stability
safety. This research was carried out as a basic approach to develop
a stability index that expresses the ship intact stability numerically.
Therefore, various further studies should follow in the future. In
this research, only two ships were used as models, but it is neces-
sary to develop a stability index that considers more diverse ship
types. In addition, the current stability index simply averages the
values of ten IMO stability parameters. In the future, other more
efficient methods should be introduced to improve the stability
index.
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