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Abstract

:

To evaluate the safety of passenger ships’ stability, ten stability parameters should be calculated. However, since the process for calculating all stability parameters is complex without a ship loading program, a convenient methodology to simply calculate them and evaluate the safety condition of a passenger ship is required to alert the hazard to a captain, officer, and crew. The Index for Passenger Ship Intact Stability Appraisal Module (IPSAM) is proposed herein. According to the value of a passenger ship’s metacentric height (GM) which could be calculated by the ship’s roll period measured by sensors in real-time, IPSAM simply calculates nine intact stability parameters except for   A n g l  e  m a x G Z     and proposes the present stability status as a Single Intact Stability Index (SISI). It helps crews easily recognize the safety of passenger ships’ stability as a decision support system in real-time. Based on the intact stability parameters of 331 loading conditions of 11 passenger ships, empirical formulas for IPSAM were derived. To verify the empirical formulas of IPSAM, the stability parameters of a passenger ship in 20 loading conditions were calculated using proposed empirical formulas and the principal calculation methods respectively, then compared. Additionally, the result of the SISI of 20 loading conditions successfully indicates the danger as the value of the SISI under 1.0 of the three loading conditions that do not satisfy the IMO intact stability requirements.
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1. Introduction


Safety of Life At Sea (SOLAS) has been a high priority in the passenger ship industry since the accident of Titanic accident in 1912 to ensure that safety levels not only remain high but continuously increase [1]. Monitoring the safety of ships’ stability according to International Maritime Organization (IMO) is necessary to safely operate passenger ships [2]. The lack of ships’ stability can lead to capsizing incidents causing a mass mortality tragedy and immeasurable loss of property. Recent accidents, such as the Sewol passenger ship accident caused 304 fatalities in the disaster, including around 250 students on 16 April 2014 in Byeongpungdo, the Republic of Korea, and the Costa Concordia cruise ship accident caused 32 fatalities on 13 January 2012 in the Tyrrhenian sea, Italy as shown in Figure 1 [3,4].



These accidents show that despite the efforts of IMO for raising the stability requirements, there remains work for increasing the awareness of the vulnerability and safety level of ships’ stability [1]. An easily understandable decision support module for crews is necessary for accurate and timely response in case of the risk of stability.



Before establishing the standards for ships’ stability from IMO, there were several studies for laying the foundation of ship stability in the 1930s [5]. Pierrottet proposed the basic concept of the standards of stability for ships [6]. The basic concept includes the weather criterion of ships’ stability. The methodology of the assessment of the certainty of the amount of ships’ stability parameters was proposed [7]. The stability criteria for various types of ships have been developed by IMO and culminated in the completion of a Code. The International Standard (IS) Code includes the fundamentals for the safety of ships’ stability [8]. These criteria are regarded as the first-generation of the intact stability criteria [9,10]. In accordance with the SOLAS 1960 Convention, the first intact stability regulations were originated [11]. The Intergovernmental Maritime Consultative (IMCO) (Res. A 167, 168) proposed the general stability criteria based on righting arm characteristics. Evaluating naval ships’ stability using the IMO intact stability regulations was inappropriate due to the differences in the characteristics compared to general ships [12]. Mantari et al. [13] commented on the limitations of the 2008 IS code, part B in the aspect of the prevention of stability failure due to the combined effect of fishing gear pull, beam wave, and wind. Hu et al. [14] proposed the stability criterion of the sail-assisted ships and how to calculate the parameters and determine specific coefficients for the improvement of the IMO intact stability regulations. The weather criteria for the IMO intact stability regulations in the river-sea were proposed [15].



The application of existing intact stability regulations is not appropriate because of the advancement of the design technologies of large and modern ships such as container and car carriers and Ropax [16]. The second-generation intact stability criteria were established for the improvement of the IMO intact stability regulations in 2001 [11]. Umeda et al. [17] proposed the initial studies of capsizing, broaching, and parametric rolling for the improvement of the second-generation intact stability criteria. Bulian and Francescutto [18] proposed the second-generation intact stability criteria for pure loss of stability and broaching-to. The estimation methodology of the parametric rolling and pure loss in longitudinal waves was introduced [19,20,21]. Hasanudin and Chen [22] stated the limitation of the IMO intact stability regulations which was only applicable to ships navigating on a calm sea. Tompuri el al. [23] suggested the operational limitations for ships complying with the second-generation intact stability requirements, and therefore it is important to evaluate these at an early design stage. Chung et al. [24] suggested possible technical solutions for the improvement of the second-generation intact stability criteria.



There have been many studies on the convenient functionality for the assessment of intact stability from the perspective of the ships’ crew. Estimating ships’ stability using roll period in real-time was validated [25]. Terada et al. [26] proposed the methodology to calculate metacentric height (GM) using roll-period data. Santiago et al. [27] estimated the stability of fishing vessels based on the analysis of roll motion and the mass moment of inertia. The stability monitoring system estimated the GM of fishing vessels using the measured roll angle [28]. Chen et al. [29] used a machine-learning algorithm to efficiently detect the unknown parameters of a ship motion model. The elliptic Fourier descriptors from the unusual pattern recognition and classification problems were introduced for assessing wind loads on marine structures [30]. Ariffin et al. [31] used radar and a buoy for a real-time stability evaluation system. Based on the experimental data for the wave height causing fishing vessels to capsize, the estimation function was developed [32]. Daekin [33] suggested the guideline for the stability assessment for ships’ crew. Gonzales et al. [34] created an assistant system to provide information on fishing vessels’ level of stability in an easily understandable way. The relationship between key elements of the intact stability risk was proposed [35]. The system to categorize the four-level ship stability safety was proposed to help Search and Rescue (SAR) operators and ship crew [36]. Im and Choi [5] proposed the stability index calculation module for the assessment of ten IMO intact stability parameters which can help ships’ crew to easily understand the risk of ships’ stability. Toan et al. [37] developed the numerical methodology using mathematical programming to efficiently estimate the ships’ optimal hydronamic parameters in the early design stage. Emillia et al. [38] developed the system to evaluate the ships’ stability using an automatic information system based on the limited curve.



The Index for Passenger Ships’ Intact Stability Appraisal Module (IPSAM) is proposed as a decision support system to determine whether a passenger ship can comply with IMO intact stability regulations. It could be used as a supplement methodology for passenger ships’ crew to conveniently examine the level of the safety of the stability in real-time. Based on ten IMO intact stability parameters of 331 loading conditions of 11 passenger ships, the empirical formulas of IPSAM were derived to calculate stability parameters according to GM. In the stability index calculation module of IPSAM, nine stability parameters except for   A n g l  e  m a x G Z     are used to develop the stability index, which has the advantage of being able to quantify the ship and presents stability status as a Single Intact Stability Index (SISI). To verify empirical formulas of IPSAM, the stability parameters of a passenger ship in 20 loading conditions were calculated by derived empirical formulas herein and the principal calculation methods respectively, then compared. Additionally, the results of the SISI of 20 loading conditions successfully evaluate the insufficient stability status of the passenger ship. The IPSAM will be able to be used as a decision support system for passenger ship’s crew to estimate the safety of the stability according to the GM calculated by roll periods measured by a sensor in real-time.




2. IMO Intact Stability Parameters


The ten IMO intact stability criteria are required for passenger ships to evaluate the status of their stability safety. The IMO intact stability parameters were used to derive the empirical equations in IPSAM. Table 1 shows the IMO intact stability parameters and their criteria. Eight stability parameters from No 1 to No 8 are the general criteria for cargo ships. Passenger ships are required to comply with two additional requirements as   A n g l  e  p a s s e n g e r     and   A n g l  e  t u r n i n g    .



GM is the length between the center of gravity and the transverse metacenter.   G  Z  30 d e g     is the righting arm at 30° of the heeling angle.   A n g l  e  m a x G Z     is the angle at the moment of the maximum GZ value in the range. Figure 2 shows three areas as “a” and “b”, except for that under the GZ curve [5].   A r e  a  0 − 30 d e g    ,  A r e  a  30 − 40 d e g    , and   A r e  a  0 − 40 d e g     mean the area under the GZ curve according to their mentioned angle of heeling ranges in the symbols. The steady wind pressure on the ship leads to a heeling arm (   l  w 1    ) as shown in the weather criterion of Figure 2. It leads to a heel angle (   φ 0   ) for the equilibrium, and the wave motion causes the ship to heel with an angle (   φ 1   ) against the wind. At this moment, the angle (   φ 1   ) should be lower than the value of 16° or 80% of the immersion angle. The area of “d” should be larger than the area of “c” in the inclination of the ship due to the gust wind pressure.



The heeling angle of   A n g l  e  t u r n i n g     and   A n g l  e  p a s s e n g e r     on account of the passenger ship’s turning and the crowding of passengers to one side respectively needs to be evaluated for passenger ships. The heeling angle (  A n g l  e  t u r n i n g    ) generated by the rudder operation needs to be less than 10°. The heeling angle can be calculated by applying the balance between the turning moment and static righting moment using the GZ curve and the moment obtained by the following Equation (1).


   M R  = 0.200 Δ  (     V 0 2    L W L    )   (  K G −   d r  2   )   



(1)




where,    M R    denotes the passenger ship’s heeling moment by turning (  kNm  ),    V s    denotes the passenger ship’s service speed (m/s),   L W L   denotes the length of the ship at the waterline (m),  Δ  denotes the displacement (t) of the ship,   d r   denotes the mean draught (m), and   K G   denotes the height of the center of gravity above the baseline (m).



The heeling angle (  A n g l  e  p a s s e n g e r    ) on account of the crowding of passengers to one side should not exceed 10°. The Ministry of Oceans and Fisheries of the Korean Government introduced simplified empirical formulas to easily calculate the heeling angle (  A n g l  e  p a s s e n g e r    ) using the basic dimensions of a ship as shown in Equation (2) [39].





   M P  =   0.214  (    ∑      (   7   m 2    −  n a   )  n · b  )    100    



(2)




where,    M P    denotes the heeling moment caused by the crowding of passengers to one side of a passenger ship (  kNm  ),  n  denotes the number of passengers at each passenger site,  a  denotes the floor area at each passenger site (   m 2   ),  b  denotes the average lateral movement distance of passengers in passenger-accessible places (m).




3. Concept of IPSAM


IPSAM simply calculates nine intact stability parameters except for   A n g l  e  m a x G Z     and proposes the present stability status as SISI. It helps crews easily recognize the safety of passenger ships’ stability as a decision support system. Figure 3 illustrates the detail of IPSAM of the flow chart of the three phases. In Phase Ⅰ, the GM was calculated using the simple calculation equation or roll period measured by the sensors. The eight IMO intact stability parameters were calculated using empirical formulas according to the GM in Phase Ⅰ. In Phase Ⅱ, the indexing intact stability parameters were processed. In Phase Ⅲ, all IMO stability parameter indexes were calculated to SISI, and then their value was assessed as five risk levels as shown in Figure 3.



3.1. Empirical Formulas of IPSAM


To derive empirical formulas for calculating nine IMO intact stability parameters according to the GM, this study used 331 loading condition data of 11 passenger ships. Two types of passenger ships were introduced as Car Ferry and Ropax. These two types are dominant in the passenger ships industry. The passenger ships’ basic particulars of the 11 ships are presented in Table 2. The range of full displacement of passenger ships was from 4318.8 to 16,044.7 tons and the block coefficient was from 0.475 to 0.765 in 331 loading conditions. Empirical formulas to easily calculate IMO intact stability parameters including   A r e  a c    and   A r e  a d    using the GM were derived herein as shown in Table 3. Figure 4 illustrates the correlation graph of the nine stability parameters and the additional two areas of “c” and “d” of weather criterion according to GM. The method of least squares was introduced to derive empirical formulas which have the highest correlation to improve the coefficient of the determination of them as shown in Table 3.



Derived empirical formulas were analyzed for evaluating whether they could be properly used as discriminants for IMO intact stability regulations or not as follows: the nine empirical formulas except for   A n g l  e  m a x G Z     and   A r e  a  r a t i o       had the high coefficient of the determination    R 2    as over 0.75 as shown in Table 3. In other words, these empirical formulas reliably reflected the relationship between the four parameters and GM. Before reaching   A n g l  e  m a x G Z    , the GZ curve showed the simple increasing linear function with the angle of heeling as shown in Figure 2. Thus, the empirical formulas of   G  Z  30 d e g    ,   A r e  a  0 − 30 d e g    ,    A r e  a  0 − 40 d e g    ,  A r e  a  30 − 40 d e g     according to the GM showed the high coefficient of the determinations    R 2    as 0.7657, 0.9525, 0.9112, and 0.8126 respectively.



However, it is problematic for   A n g l  e  m a x G Z     to derive the proper formula to estimate it according to only a single variable of GM. The derivation of the correlation function of   A n g l  e  m a x G Z     with a single variable of GM to calculate the angle of heel at the maximum point of the sinusoidal function of the GZ curve is unreliable. In the previous study, the method of the prediction of stability parameters according to ships’ geometrical particulars such as the breadth, depth, and draught at the concept design stage were proposed [40]. It demonstrated the high coefficient of the determination between stability parameters and ships’ geometrical particulars which are constant variables. To improve the empirical formulas of   A n g l  e  m a x G Z     according to the GM calculated by the roll-period measured by a sensor in real-time while navigating needs additional further studies with the consideration of additional ships’ variables while being operated on the sea. Thus, this study does not employ the empirical equation of   A n g l  e  m a x G Z     for IPSAM.



Additionally, due to the low correlation shown as (f) in Figure 4 and Table 3, using the empirical formula of   A r e  a  r a t i o       is problematic. The coefficient of the determination    R 2    of the empirical formula of   A r e  a  r a t i o     was under 0.1 as shown in Table 3. Instead of using the empirical formulas of   A r e  a  r a t i o    , the empirical formulas of   A r e  a c    and   A r e  a d    which have the high determination    R 2    as 0.8754 and 0.7707 respectively were used for calculating   A r e  a  r a t i o    . The scale of the graph of   A r e  a d    was two times bigger than   A r e  a c    as shown in (g) and (h) of Figure 4. Thus, it could be expected that most of the loading conditions could be evaluated as satisfying the IMO intact stability requirement of   A r e  a  r a t i o     as over 1.0.




3.2. IMO Intact Stability Parameter Index Formulas


The IPSAM introduced Equations (3)–(10) proposed by Im and Choe [5]. The ten stability parameters are normalized to the IMO stability parameters index    (  S  P i   )    using those equations. There are two groups as follows: the first group includes the seven IMO stability parameter indexes    (  S  P 1  − S  P 7   )    which need to have higher values than their standards and the second group includes the three IMO stability parameter indexes    (  S  P 8  − S  P  10    )    which need to have lower values than their standards. The two groups use the different formulas as below.


  S  P i  = k  (     y  i − 1      y  i − 1    (  I M O  )       )                                                               (  0 ≤  y  i − 1   <  y  i − 1    (  I M O  )     )   



(3)






  S  P i  = k +  (  1 − k  )   (     y  i − 1   −  y  i − 1    (  I M O  )       y  i − 1    (  S a f e t y L i m i t  )    −  y  i − 1    (  I M O  )       )                             (     y  i − 1    (  I M O  )    ≤  y  i − 1   <  y  i − 1    (  S a f e t y L i m i t  )     )   



(4)






  S  P i  = 1 +    y  i − 1   −  y  i − 1    (  S a f e t y L i m i t  )       y  i − 1    (  F u l l L o a d i n g  )    −  y  i − 1    (  S a f e t y L i m i t  )                   (     y  i − 1    (  S a f e t y L i m i t  )    ≤  y  i − 1   <  y  i − 1    (  F u l l L o a d i n g  )     )   



(5)






  S  P i  = 2 +    y  i − 1   −  y  i − 1    (  F u l l L o a d i n g  )       y  i − 1    (  F u l l L o a d i n g  )                                           (     y  i − 1    (  F u l l L o a d i n g  )    ≤  y  i − 1    )   



(6)






  S  P i  = k  |    A n g l  e  c o e f f   −  y  i − 1     A n g l  e  c o e f f   −  y  i − 1    (  I M O  )       |                                 (  A n g l  e  c o e f f   ≥  y  i − 1   >  y  i − 1    (  I M O  )     )   



(7)






  S  P i  = k +  (  1 − k  )   |     y  i − 1   −  y  i − 1    (  I M O  )       y  i − 1    (  S a f e t y L i m i t  )    −  y  i − 1    (  I M O  )       |                         (   y  i − 1    (  I M O  )    ≥  y  i − 1   >  y  i − 1    (  S a f e t y L i m i t  )     )   



(8)






  S  P i  = 1 +  |     a i  −  a  i − S a f e t y L i m i t      a  i − F u l l L o a d i n g   −  a  i − S a f e t y L i m i t      |                                   (   y  i − 1    (  S a f e t y L i m i t  )    ≥  y  i − 1   >  y  i − 1    (  F u l l L o a d i n g  )     )   



(9)






  S  P i  = 2 +  |     y  i − 1   −  y  i − 1    (  F u l l L o a d i n g  )       y  i − 1    (  F u l l L o a d i n g  )       |                               (   y  i − 1    (  F u l l L o a d i n g  )    ≥  y  i − 1    )   



(10)




where,  k  denotes that the stability index coefficient as 0.5 to indicate 50% of parameters of the IMO requirements in Equations (3) and (4),    y  i − 1    (  S a f e t y L i m i t  )      denotes that all stability parameters satisfy the IMO stability regulations for the first,    y  i − 1    (  F u l l L o a d i n g  )      denotes that all stability parameters satisfy the IMO stability regulations in the loading condition of a ship in the fully loaded departure condition,   A n g l  e  c o e f f     denotes the maximum heel angle coefficient,   S  P 1    denotes the IMO stability parameter index for GM as    y 0   ,   S  P 6    denotes the IMO stability parameter index for   A r e  a  r a t i o     using   A r e a    c    and   A r e a    d    as    y 7    and    y 8    respectively as shown in Table 3.



Equation (11) is used for calculating the Single Intact Stability Index (SISI). SISI is determined as the average of the stability indexes.


  S I S I =     ∑   i = 1  n  S  P i   9   



(11)









4. Validation of IPSAM


4.1. Particular of Passenger Ship for Validation


In the present study, the passenger ship which is a type of car ferry was introduced to validate the IPSAM. The basic particulars of the passenger ship are presented in Table 4. The passenger ship was a 15,180 tons class passenger ship serviced on the coast in the Republic of Korea and it could accommodate 1500 persons. Its deadweight was 5527 tons.




4.2. Verification of Empirical Formulas of IPSAM


The principal methodology was used to calculate ten IMO intact stability parameters of a variety of loading conditions of the passenger ship. There were different 20 loading conditions including three unsatisfied loading conditions with the IMO intact stability criteria for the passenger ship as shown in Table 5. To verify the derived empirical formulas herein, eight IMO intact stability parameters except for   A n g l  e  m a x G Z     were calculated using them, and error ratios were compared to parameters calculated by the principal methodology as shown in Table 6. The parameters marked in red were incompliant with the IMO intact stability requirements in Table 6. The results calculated by the derived empirical formulas successfully evaluated the unsatisfied parameters and whether they complied with the IMO regulations or not for loading conditions No. 1, 2, and 3 as shown in Table 6. This meant that the empirical formulas reliably reflected the relationships between the ten IMO intact stability parameters of the passenger ship and the GM.



As mentioned in Section 3.1, instead of using the empirical formula of   A r e  a  r a t i o     which has the lowest coefficient of the determination    R 2    as 0.0993, the empirical formulas of   A r e  a c    and   A r e  a d    which have the high determination    R 2    as 0.8754 and 0.7707 respectively were used for calculating   A r e  a  r a t i o     herein. As shown in Table 6, the parameter of   A r e  a  r a t i o     using the methodology complied with the IMO intact stability requirement as 1.0 in all loading condition cases. As stated in Section 3.1, the scale of the graph of   A r e  a d    was two times bigger than   A r e  a c    as shown in (g) and (h) of Figure 5. Thus,   A r e  a  r a t i o     could be considered as generally compliant with the requirement as 1.0 in most loading conditions. The parameters which had over 20% and 30% of error ratio are marked with blue and yellow colors respectively in Table 6. The error ratios of the parameters under 30%, 20%, and 10% were 92.5%, 60.6%, and 15.6% respectively as shown in Figure 5. The average error ratio of all IMO intact stability parameters calculated by the empirical formulas was 17.9%. To improve the reliability of the empirical formulas, the average error ratio should be reduced. Thus, it was expected that the increase of the number of various passenger ships’ loading conditions would improve the reliability of the empirical formulas for estimating IMO intact stability parameters using the GM calculated by the roll period measured by the sensor. As mentioned in Section 3.2, the eight IMO intact stability parameters of the loading case No.4 in Table 6 had all stability parameters satisfy the IMO stability regulations for the first time with    y  i − 1    (  S a f e t y L i m i t  )      for the process of the IMO intact stability indexes.




4.3. Verification of SISI of IPSAM


The purpose of the Single Intact Stability Index (SISI) is to quantitatively evaluate the ten IMO intact stability parameters of passenger ships. As shown in Figure 3, the assessment standards of SISI are proposed according to the value of SISI. In the SISI standards, the stability of passenger ships is classified into five levels. The details of the SISI standard are shown in Table 7. A level of “Severe Risk”, is when more than 50% of stability parameters are not in compliance with the IMP requirements. Passenger ships’ crew are advised to take prompt action to improve ships’ stability with a level of “Severe Risk”. For the level of “Danger”, less than 50% of the ten IMO stability parameters do not satisfy the IMO stability regulations, thus suitable actions to increase the stability index should be carried out. In the other three levels, the SISI is over 1.0 meaning that all IMO stability parameters satisfy the requirements for stability safety. In the level of “Minimum Safety Condition”, although the SISI is over 1.0, it is hard for passenger ships to ensure stability safety while navigating on the sea. Thus, ships’ crew should carefully monitor the SISI and improve the stability conditions to fall in the range of SISI 1.0 to 1.2.



Table 8 shows the results of the SISI assessment process as Phase Ⅲ in the module of IPSAM using the parameters of Table 6. As shown in the results of Table 6, the SISI should be less than 1.0 in loading conditions Nos. 1, 2, and 3 because these do not comply with IMO intact stability regulations. In these loading conditions, the stability parameter indexes for the IMO intact stability parameters not complying with requirements indicate less than 1.0, as shown in Table 8. As shown in Table 6, all stability parameters satisfy the IMO stability regulations for the first time with loading case No.4. Thus, the IMO intact stability parameters of the loading case were used as    y  i − 1    (  S a f e t y L i m i t  )     , then their indexes are denoted 1.0 as shown in Table 8. Accordingly, the Single Intact Stability Index (SISI) successfully indicated the level of stability safety as under 1.0 in the three noncompliant loading conditions No. 1, 2, and 3 as 0.44, 0.50, and 0.67 respectively. Hence, IPSAM was a convenient and easy decision support system for passenger ships’ crew to alert the risk of the ships’ stability risk in the condition of ships not satisfying a stability parameter indicating a SISI under 1.0.



However, there are limitations in the process of leveling the stability conditions between “Severe Risk” and “Danger” according to SISI which is determined as the average of the stability indexes. In loading case No. 2 in Table 8, six IMO intact stability parameters are not in compliance with their requirements among the total of nine parameters. This means that less than 50% of IMO intact stability parameters comply with their requirements. Thus, the SISI of loading case No. 2 should be under 0.5 to indicate the level of stability safety as “Server Risk” as shown in Table 7. The average of each stability index could not exactly reflect the number of IMO stability parameters that are not in compliance with the SISI standard because of the high indexes compensating the low indexes in the calculation of their average. In future studies, it is necessary to find all loading cases that only satisfy 50% of the IMO intact stability parameters to define exactly the standard parameters for indexing the role of    y  i − 1    (  S a f e t y L i m i t  )      in defining all parameters that satisfy their requirements.





5. Conclusions


IPSAM is developed in the present study to easily evaluate passenger ships’ IMO intact stability parameters according to GM and propose the present stability safety status as SISI. This module supports the decision of passenger ships’ crew to take actions to improve ships’ stability as an effective auxiliary method. Based on ten IMO intact stability parameters of 331 loading conditions of 11 passenger ships, empirical formulas were derived. Finally, 20 loading conditions of the passenger ship were evaluated by using IPSAM to verify them. The following conclusions and recommendations for future studies can be drawn.



	
The IPSAM composed the three phases (intact stability parameters calculation process, indexing process, SISI assessment process) for evaluating IMO intact stability parameters as shown in Figure 3. The introduction of IPSAM for types of passenger ships such as car carriers and Ropax is considered as an effective auxiliary method for crews who have limited knowledge for calculating and evaluating IMO stability parameters.



	
The derived empirical formulas except for   A n g l  e  m a x G Z     according to the variable of GM of IPSAM successfully calculate stability parameters to distinguish whether they are compliant with the IMO intact stability requirements or not in 20 passenger ships’ loading conditions as shown in Table 5. The average error ratio of all IMO intact stability parameters calculated by the eight empirical formulas is 17.9%.



	
There is a limitation of the derivation of the simple formula to reliably calculate the angle of heel at the maximum point called   A n g l  e  m a x G Z     of the sinusoidal function of the GZ curve according to a single variable of GM calculated by the roll-period measured by a sensor in real-time herein. To overcome the limitation of the empirical formula of   A n g l  e  m a x G Z    , additional further studies with the consideration of additional ships’ variables while operating them on the sea are required in the future.



	
The SISI provides passenger ship operators with the level of ships’ stability safety as five categories. The SISI can evaluate the safety of ship stability more efficiently. As shown in Table 8, SISI accurately indicates unsatisfied loading conditions with IMO requirements as loading conditions Nos. 1, 2, and 3 as under 1.0.



	
The average of stability indexes has a limitation in the process of determining the level of stability between “Severe Risk” and “Danger” because of high indexes compensating low indexes in the calculation of their average. The SISI of loading case NO. 2 which had less than 50% of IMO intact stability parameters complying with their requirements should be under 0.5 in Table 8.



	
In future studies, to improve the reliability of empirical formulas of IPSAM, additional loading conditions of various types of passenger ships will be included. Additionally, IPSAM using GM calculated by using a sensor measuring the roll period of a passenger ship will be carried out to monitor the level of passenger ships’ stability safety in real-time.










Author Contributions


Conceptualization, investigation, methodology, validation, supervision: N.-K.I. Conceptualization, software, data Curation, investigation, writing—original draft, writing—review and editing: D.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was supported by a grant (20015029) of Regional Customized Disaster-Safety R&D Program, funded by Ministry of Interior and Safety (MOIS, Korea).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Pennanen, P.; Ruponen, P.; Ramm-Schmidt, H. Integrated decision support system for increased passenger ship safety. In Proceedings of the RINA, Royal Institution of Naval Architects—Damaged Ship III, London, UK, 25–26 March 2015. [Google Scholar]

	



Woo, D.; Choe, H.; Im, N.K. Analysis of the relationship between gm and imo intact analysis of the relationship between gm and imo stability parameters to propose simple evaluation methodologyethodology. J. Mar. Sci. Eng. 2021, 9, 735. [Google Scholar] [CrossRef]

	



Park, J.-P. [Sewol Ferry Sinking] Support Ship Navigator “The Saddest Thing Is That We Didn’t Escape to the Sea in an Urgent Situation”. Available online: https://www.etoday.co.kr/news/view/904276 (accessed on 1 January 2022).

	



Parliament, N.E. Costa Concordia: Our First Thoughts Are with the Victims. Available online: https://www.europarl.europa.eu/news/en/headlines/society/20120120STO35897/costa-concordia-our-first-thoughts-are-with-the-victims (accessed on 1 January 2022).

	



Im, N.K.; Choe, H. A quantitative methodology for evaluating the ship stability using the index for marine ship intact stability assessment model. Int. J. Nav. Archit. Ocean Eng. 2021, 13, 246–259. [Google Scholar] [CrossRef]

	



Pierrottet, E. Standards of stability for ships. Trans. Inst. Nav. Archit. 1935, 77, 208–222. [Google Scholar]

	



Rahola, J. The Judging of the Stability of Ships and the Determination of the Minimum Amount of Stability Especially Considering the Vessels Navigating Finnish Waters; Aalto University: Espoo, Finland, 1939. [Google Scholar]

	



IMO. Code on Intact Stability 2008, 2020th ed.; IMO: London, UK, 2020. [Google Scholar]

	



Yamagata, M. Standard of stability adopted in japan. Trans. Inst. Nav. Archit. 1959, 417–443. [Google Scholar]

	



Goldberg, L.L.S. Stability and buoyancy criteria for u.s. naval surface ships. Trans. Am. Soc. Nav. Arch. Mar. Eng. 1962, 418–458. [Google Scholar]

	



Francescutto, A. Intact stability criteria of ships—Past, present and future. Ocean Eng. 2016, 120, 312–317. [Google Scholar] [CrossRef]

	



Deybach, F. Intact Stability Criteria for Naval Ships. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, MA, USA, 1997. [Google Scholar]

	



Mantari, J.L.; Ribeiro, E.; Silva, S.; Guedes Soares, C. Intact stability of fishing vessels under combined action of fishing gear, beam waves and wind. Ocean Eng. 2011, 38, 1989–1999. [Google Scholar] [CrossRef]

	



Hu, Y.; Tang, J.; Xue, S.; Liu, S. Stability criterion and its calculation for Sail-Assisted ship. Int. J. Nav. Archit. Ocean Eng. 2015, 7, 1–9. [Google Scholar] [CrossRef]

	



Marutheri Parambath, J. Development of Intact Stability Weather Criterion Applicable to River-Sea Vessels. Master’s Thesis, Université de Liège, Liège, Belgium, 2019. [Google Scholar]

	



Umeda, N.; Francescutto, A. Current state of the second generation intact stability criteria—Achievements and remaining issues. In Proceedings of the 15th International Ship Stability Workshop, Stockholm, Sweden, 13–15 June 2016. [Google Scholar]

	



Umeda, N.; Maki, A.; Izawa, S.; Sano, H. New generation intact stability criteria: Prosects and possibities. In Proceedings of the International Conference on Stability of Ships and Ocean Vehicles, St. Petersburg, Russia, 22–26 June 2009; pp. 129–139. [Google Scholar]

	



Bulian, G.; Francescutto, A. Considerations on Parametric Roll and Dead Ship Conditions for the Development of Second Generation Intact Stability Criteria. In Proceedings of the 12th International Ship Stability Workshop (ISSW2011), Washington, DC, USA, 12–15 June 2011. [Google Scholar]

	



Andrei, C.; Lamba, M.D.; Pazara, R.H. A proposed criterion for assessment the pure loss of stability of ships in longitudinal waves. UPB Sci. Bull. Ser. D Mech. Eng. 2015, 77, 83–96. [Google Scholar]

	



Andrei, C. A proposed new generation of intact stability criteria for assessment of ship stability in longitudinal waves. In Proceedings of the IOP Conference Series: Materials Science and Engineering, Sibiu, Romania, 14–17 June 2017. [Google Scholar]

	



Andrei, C.; Blagovest, B. A proposed criterion for the assessment of the parametric rolling of ships in longitudinal waves. Marit. Transp. Eng. 2013, 2, 4–13. [Google Scholar]

	



Hasanudin; Chen, J.-H. Modification of the Intact Stability Criteria to Assess the Ship Survivability from Capsizing. Procedia Earth Planet. Sci. 2015, 14, 64–75. [Google Scholar] [CrossRef]

	



Tompuri, M.; Ruponen, P.; Lindroth, D. Second generation intact stability criteria and operational limitations in initial ship design. In Proceedings of the PRADS 2016—13th International Symposium on PRActical Design of Ships and Other Floating Structures, Copenhagen, Denmark, 4–8 September 2016. [Google Scholar]

	



Chung, J.; Shin, D.M.; Kim, W.-D.; Moon, B.Y. Current Status of the 2nd Generation of Intact Stability: Investigation of the Pure Loss of Stability and Parametric Roll Mode. J. Ocean Eng. Technol. 2020, 34, 55–65. [Google Scholar] [CrossRef]

	



Brown, D.; Witz, J. Estimation of vessel stability at sea using roll motion records. Trans. RINA 1996, 130–146. [Google Scholar]

	



Terada, D.; Tamashima, M.; Nakao, I.; Matsuda, A. Estimation of metacentric height using onboard monitoring roll data based on time series analysis. J. Mar. Sci. Technol. 2019, 24, 285–296. [Google Scholar] [CrossRef]

	



Santiago Caamaño, L.; Míguez González, M.; Díaz Casás, V. On the feasibility of a real time stability assessment for fishing vessels. Ocean Eng. 2018, 159, 76–87. [Google Scholar] [CrossRef]

	



Santiago Caamaño, L.; Galeazzi, R.; Nielsen, U.D.; Míguez González, M.; Díaz Casás, V. Real-time detection of transverse stability changes in fishing vessels. Ocean Eng. 2019, 189, 106369. [Google Scholar] [CrossRef]

	



Chen, C.; Ruiz, M.T.; Lataire, E.; Delefortrie, G.; Mansuy, M.; Mei, T.; Vantorre, M. Ship manoeuvring model parameter identification using intelligent machine learning method and the beetle antennae search algorithm. In Proceedings of the International Conference on Offshore Mechanics and Arctic Engineering—OMAE, Glasgow, UK, 9–14 June 2019. [Google Scholar]

	



Valčić, M.; Prpić-Oršić, J.; Vučinić, D. Application of Pattern Recognition Method for Estimating Wind Loads on Ships and Marine Objects. In Advances in Visualization and Optimization Techniques for Multidisciplinary Research; Lecture Notes in Mechanical Engineering Book Series; Springer: Berlin/Heidelberg, Germany, 2020. [Google Scholar]

	



Ariffin, A.; Laurens, J.M.; Mansor, S. Real-time evaluation of second generation intact stability criteria. In Proceedings of the RINA, Royal Institution of Naval Architects—Smart Ship Technology 2016, London, UK, 26–27 January 2016. [Google Scholar]

	



Wolfson Unit. Research Project 560 Simplified Presentation of FV Stability Information for Vessels 12 m Registered Length and over Phase II; Maritime and Coastguard Agency: Colchester, UK, 2006. [Google Scholar]

	



Deakin, B. Collating evidence for a universal method of stability assessment or guidance. Trans. R. Inst. Nav. Archit. Part A Int. J. Marit. Eng. 2010, 152, A-85. [Google Scholar] [CrossRef]

	



González, M.M.; Sobrino, P.C.; Álvarez, R.T.; Casás, V.D.; López, A.M.; Peña, F.L. Fishing vessel stability assessment system. Ocean Eng. 2012, 41, 67–78. [Google Scholar] [CrossRef]

	



Liwång, H. Exposure, vulnerability and recoverability in relation to a ship’s intact stability. Ocean Eng. 2019, 187, 106218. [Google Scholar] [CrossRef]

	



Nordström, J.; Goerlandt, F.; Sarsama, J.; Leppänen, P.; Nissilä, M.; Ruponen, P.; Lübcke, T.; Sonninen, S. Vessel TRIAGE: A method for assessing and communicating the safety status of vessels in maritime distress situations. Saf. Sci. 2016, 85, 117–129. [Google Scholar] [CrossRef]

	



Tran Khanh, T.; Ouahsine, A.; Naceur, H.; El Wassifi, K. Assessment of ship manoeuvrability by using a coupling between a nonlinear transient manoeuvring model and mathematical programming techniques. J. Hydrodyn. 2013, 25, 788–804. [Google Scholar] [CrossRef]

	



Koleva, E.; Lefterova, M.; Nikolova, M. Automated information system for evaluation the stability of the ship. In Proceedings of the Communication, Electromagnetics and Medical Application, Aberdeen, MD, USA, 23–25 October 2018. [Google Scholar]

	



Ministry of Oceans and Fisheries. Criteria of the Ship Stability; Ministry of Oceans and Fisheries: Sejong City, Korea, 2016. [Google Scholar]

	



Degan, G.; Braidotti, L.; Marinò, A.; Bucci, V. Lctc ships concept design in the north europe-mediterranean transport scenario focusing on intact stability issues. J. Mar. Sci. Eng. 2021, 93, 278. [Google Scholar] [CrossRef]








[image: Sensors 22 01938 g001 550] 





Figure 1. Seowol passenger ship (left) and Costa Concordia cruise ship (right) accidents [3,4]. 
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Figure 2. Areas under the GZ curve (Left) Weather criterion (Right) [5]. 
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Figure 3. Concept of Index for Passenger Ships’ Intact Stability Appraisal Module (IPSAM). 
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Figure 4. Trend lines of the seven IMO intact stability parameters according to GM. 
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Figure 5. Error ratio of IMO intact stability parameters calculated by empirical formulas. 
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Table 1. International Maritime Organization (IMO) intact stability parameters and criteria.
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	No
	Stability

Parameter
	Criteria





	1
	   G M   
	0.150 m



	2
	   G  Z  30 d e g     
	0.200 m



	3
	   A n g l  e  m a x G Z     
	25 deg



	4
	   A r e  a  0 − 30 d e g     
	0.055 m·rad



	5
	   A r e  a  0 − 40 d e g     
	0.090 m·rad



	6
	   A r e  a  30 − 40 d e g     
	0.030 m·rad



	7
	   A r e  a  r a t i o     
	1.0



	8
	    φ 0    
	16° and 80% of angle of deck edge immersion, whichever is less



	9
	   A n g l  e  p a s s e n g e r     
	10 deg



	10
	   A n g l  e  t u r n i n g     
	10 deg
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Table 2. Particulars of the model ships.






Table 2. Particulars of the model ships.





	No
	Length B.P. (m)
	Breadth (m)
	Depth (m)
	Design Draught (m)
	Full Displacement (ton)
	Block Coefficient





	1
	151.2
	26.4
	10.8
	5.5
	13,452.1
	0.712



	2
	149.6
	24.3
	11.5
	5.8
	12,727.3
	0.673



	3
	170.0
	26.5
	13.0
	6.2
	18,032.5
	0.754



	4
	192.0
	34.0
	15.2
	7.6
	23,665.8
	0.765



	5
	171.0
	27.0
	13.2
	6.8
	16,044.7
	0.722



	6
	138.5
	24.1
	10.5
	6.3
	11,135.0
	0.710



	7
	132.0
	22.0
	11.1
	6.4
	9907.5
	0.695



	8
	104.0
	17.8
	9.5
	5.2
	6434.6
	0.501



	9
	120.0
	19.4
	9.8
	4.8
	9122.2
	0.675



	10
	94.0
	15.6
	8.5
	4.3
	4626.7
	0.475



	11
	93.0
	14.5
	8.2
	4.1
	4318.8
	0.486
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Table 3. Empirical formulas according to the GM.






Table 3. Empirical formulas according to the GM.





	Stability

Parameter
	Empirical Formula According to GM
	      R 2        





	   G  Z  30 d e g     
	    y 1  = − 0.0854  x 2     G M   + 0.7299 x   
	0.7657



	   A n g l  e  m a x G Z     
	    y 2  = − 1.0021  x 2     G M   − 0.2328 x + 48.32   
	0.7419



	   A r e  a  0 − 30 d e g     
	    y 3  = 0.1181  x  G M   + 0.0291   
	0.9525



	   A r e  a  0 − 40 d e g     
	    y 4  = − 0.007  x 3     G M   + 0.0197  x 2     G M   + 0.2265 x   
	0.9112



	   A r e  a  30 − 40 d e g     
	    y 5  = − 0.0166  x 2     G M   + 0.1302 x   
	0.8126



	   A r e  a  r a t i o     
	    y 6  = − 0.4817  x  G M   + 4.6225   
	0.0993



	  A r e a   c
	    y 7  = = 0.0108  x 2     G M   + 0.0446 x   
	0.8754



	  A r e a   d
	    y 8  = − 0.0228  x 2     G M   + 0.2968 x   
	0.7707



	    φ 0    
	    y 9  = 8.0468  x  G M   − 1.008     
	0.8192



	   A n g l  e  p a s s e n g e r     
	    y  10   = 2.3876  x  G M   − 0.357     
	0.8997



	   A n g l  e  t u r n i n g     
	    y  11   = − 4.775 ln  ( x )  + 8.0008   
	0.9271
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Table 4. Particulars of the passenger ship.






Table 4. Particulars of the passenger ship.





	
Items

	
Car Ferry






	
Length O. A.

	
189.0 m
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Length B. P.

	
171.0 m




	
Breadth (B)

	
15.2 m




	
Draft (d)

	
6.7 m




	
Full Displacement

	
16,044.7 ton




	
    C b  <   

	
0.511
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Table 5. IMO intact stability parameters using the principal methods.






Table 5. IMO intact stability parameters using the principal methods.





	No
	Compliance

wih

IMO Reg
	GM (m)

[0.15]
	GZ30deg (m)

[0.20]
	Area0–30 (m·rad)

[0.055]
	Area0–40 (m·rad)

[0.090]
	Area30–40

(m·rad)

[0.030]
	φ_0 (deg)
	Arearatio

(d/c)

[1.0]
	Anglepassenger

(deg)
	Angle

turning

(deg)





	1
	x
	0.100
	0.056
	0.032
	0.019
	0.011
	42.406
	1.942
	4.407
	11.522



	2
	x
	0.200
	0.118
	0.044
	0.037
	0.024
	23.561
	2.257
	3.931
	10.803



	3
	x
	0.300
	0.202
	0.056
	0.061
	0.036
	14.885
	2.911
	3.160
	10.458



	4
	o
	0.400
	0.220
	0.068
	0.093
	0.039
	11.450
	3.138
	2.889
	8.361



	5
	o
	0.500
	0.276
	0.081
	0.110
	0.057
	8.750
	3.727
	2.518
	8.198



	6
	o
	0.600
	0.320
	0.080
	0.121
	0.057
	7.314
	3.845
	2.507
	8.073



	7
	o
	0.700
	0.345
	0.088
	0.142
	0.074
	5.668
	4.606
	2.478
	7.486



	8
	o
	0.781
	0.465
	0.108
	0.172
	0.074
	5.342
	4.375
	1.984
	7.259



	9
	o
	0.800
	0.435
	0.120
	0.186
	0.070
	5.070
	4.488
	2.461
	6.229



	10
	o
	0.900
	0.463
	0.110
	0.190
	0.085
	4.092
	4.866
	2.155
	6.479



	11
	o
	1.000
	0.556
	0.138
	0.230
	0.099
	3.782
	5.431
	1.876
	6.461



	12
	o
	1.100
	0.602
	0.141
	0.246
	0.122
	4.365
	5.357
	2.058
	6.563



	13
	o
	1.200
	0.630
	0.147
	0.265
	0.107
	3.500
	5.690
	1.927
	6.636



	14
	o
	1.300
	0.606
	0.154
	0.284
	0.133
	3.374
	5.588
	1.664
	6.203



	15
	o
	1.381
	0.811
	0.158
	0.298
	0.141
	2.745
	5.869
	1.693
	5.791



	16
	o
	1.382
	0.646
	0.153
	0.293
	0.128
	3.242
	5.537
	1.676
	6.090



	17
	o
	1.418
	0.718
	0.152
	0.296
	0.127
	2.769
	5.271
	1.750
	6.290



	18
	o
	1.887
	0.922
	0.201
	0.399
	0.168
	2.345
	6.783
	1.670
	5.733



	19
	o
	1.884
	0.816
	0.196
	0.394
	0.167
	2.055
	5.471
	1.469
	5.947



	20
	o
	1.905
	0.899
	0.193
	0.393
	0.159
	2.286
	5.481
	1.546
	6.124







  : Incompliant with IMO Stability Regulations. o: Compliant with IMO Stability Regulations, x: Incompliant with IMO Stability Regulations.
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Table 6. IMO stability parameters using the empirical formulas and error ratio.
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	No
	GM (m)

[0.15]
	GZ30 deg

(m)

[0.20]
	Error

Ratio

(%)
	Area0–30

(m·rad)

[0.055]
	Error

Ratio

(%)
	Area0–40

(m·rad)

[0.090]
	Error

Ratio

(%)
	Area30–40

(m·rad)

[0.030]
	Error

Ratio

(%)
	φ_0

(deg)
	Error

Ratio

(%)
	Arearatio (d/c)

[1.0]
	Error

Ratio

(%)
	Anglepassenger (deg)
	Error

Ratio

(%)
	Angleturning

(deg)
	Error

Ratio

(%)





	1
	0.100
	0.072
	28.8
	0.041
	27.0
	0.023
	19.3
	0.013
	18.4
	51.406
	21.2
	2.172
	11.8
	5.432
	23.3
	12.776
	10.9



	2
	0.200
	0.143
	21.1
	0.053
	20.3
	0.046
	23.9
	0.025
	7.6
	25.561
	8.5
	2.797
	23.9
	4.241
	7.9
	11.338
	4.9



	3
	0.300
	0.211
	4.4
	0.065
	16.2
	0.070
	14.9
	0.038
	3.3
	16.985
	14.1
	3.371
	15.8
	3.670
	16.1
	10.498
	0.4



	4
	0.400
	0.278
	26.3
	0.076
	11.7
	0.093
	0.1
	0.049
	25.4
	12.710
	11.0
	3.888
	23.9
	3.312
	14.6
	9.901
	18.4



	5
	0.500
	0.344
	24.4
	0.088
	9.2
	0.117
	6.7
	0.061
	7.0
	10.150
	16.0
	4.339
	16.4
	3.058
	21.5
	9.438
	15.1



	6
	0.600
	0.407
	27.2
	0.100
	25.0
	0.141
	16.5
	0.072
	26.3
	8.446
	15.5
	4.738
	23.2
	2.865
	14.3
	9.060
	12.2



	7
	0.700
	0.469
	35.9
	0.112
	27.3
	0.166
	16.9
	0.083
	12.0
	7.230
	27.6
	5.081
	10.3
	2.712
	9.4
	8.740
	16.8



	8
	0.781
	0.518
	11.5
	0.121
	12.4
	0.186
	7.8
	0.092
	24.5
	6.474
	21.2
	5.327
	21.8
	2.608
	31.5
	8.513
	17.3



	9
	0.800
	0.529
	21.6
	0.124
	3.4
	0.190
	2.2
	0.094
	33.4
	6.320
	24.7
	5.384
	19.9
	2.586
	5.1
	8.464
	35.9



	10
	0.900
	0.588
	27.0
	0.135
	22.7
	0.215
	13.9
	0.104
	22.1
	5.612
	37.1
	5.651
	16.1
	2.479
	15.1
	8.219
	26.8



	11
	1.000
	0.645
	16.0
	0.147
	6.4
	0.239
	3.9
	0.114
	14.3
	5.047
	33.5
	5.891
	8.5
	2.388
	27.3
	8.001
	23.8



	12
	1.100
	0.700
	16.3
	0.159
	12.8
	0.264
	7.3
	0.123
	1.2
	4.585
	5.0
	6.107
	14.0
	2.308
	12.2
	7.803
	18.9



	13
	1.200
	0.753
	19.6
	0.171
	15.9
	0.288
	8.8
	0.132
	24.2
	4.200
	20.0
	6.302
	10.8
	2.237
	16.1
	7.623
	14.9



	14
	1.300
	0.805
	32.8
	0.183
	18.7
	0.312
	10.2
	0.141
	6.0
	3.874
	14.8
	6.481
	15.9
	2.174
	30.7
	7.457
	20.2



	15
	1.381
	0.845
	4.2
	0.192
	21.7
	0.332
	11.5
	0.148
	5.3
	3.645
	32.8
	6.709
	14.3
	2.128
	25.7
	7.331
	26.6



	16
	1.382
	0.846
	30.9
	0.192
	25.9
	0.332
	13.5
	0.148
	15.6
	3.642
	12.3
	6.489
	17.2
	2.127
	26.9
	7.330
	20.4



	17
	1.418
	0.863
	20.2
	0.197
	29.7
	0.341
	15.2
	0.151
	18.9
	3.549
	28.2
	6.794
	28.9
	2.108
	20.5
	7.277
	15.7



	18
	1.887
	1.072
	16.3
	0.251
	25.1
	0.449
	12.6
	0.188
	11.2
	2.664
	13.6
	8.017
	18.1
	1.904
	14.0
	6.684
	16.6



	19
	1.884
	1.072
	31.3
	0.252
	28.5
	0.450
	14.2
	0.186
	11.3
	2.665
	29.7
	7.321
	33.8
	1.904
	29.6
	6.687
	12.4



	20
	1.905
	1.081
	20.2
	0.254
	31.7
	0.455
	15.6
	0.188
	18.3
	2.636
	15.3
	6.931
	26.5
	1.897
	22.7
	6.664
	8.8







  : Incompliant with IMO Stability Regulation,  : Error Ratio over 20%,  : Error Ratio over 30%.
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Table 7. Details of the standards of the Single Intact Stability Index (SISI).
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Level of Stability Safety

	
SISI

	
Compliance with Ten IMO Intact Stability Requirements






	
Severe Risk

	
0.0–0.5

	
Less than 50% of the nine IMO intact stability parameters comply with their requirements for stability safety

However, SISI could indicate “Severe Risk” when low indexes compensate high indexes. This is the limitation of the averaging method for the stability indexes




	
Danger

	
0.5–1.0

	
More than 50% of the nine IMO intact stability parameters comply with the requirements for stability safety

However, SISI could indicate “Danger” when high indexes compensate low indexes. This is the limitation of the averaging method for the stability indexes




	
Minimum Safety Condition

	
1.0–1.2

	
All parameters satisfy the IMO stability parameter requirements




	
Normal Safety Condition

	
1.2–2.0




	
Considerable Safety

	
Over 2.0
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Table 8. IMO intact stability parameter indexes SPi and SISI.






Table 8. IMO intact stability parameter indexes SPi and SISI.





	
No

	
IMO Intact Stability Parameter Indexes SPi

	
SISI




	
Compliance

wih

IMO Reg

	
GM

	
GZ30 deg

	
Area0–30

	
Area0–40

	
Area30–40

	
φ_0

	
Arearatio

(d/c)

	
Angle

passenger

	
Angle

turning






	
1

	
x

	
0.33

	
0.18

	
0.37

	
0.13

	
0.22

	
0.76

	
0.70

	
0.84

	
0.43

	
0.44




	
2

	
x

	
0.58

	
0.36

	
0.48

	
0.26

	
0.42

	
0.16

	
0.81

	
0.93

	
0.47

	
0.50




	
3

	
x

	
0.74

	
0.57

	
0.74

	
0.39

	
0.71

	
0.46

	
0.91

	
0.97

	
0.49

	
0.67




	
4

	
o

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00

	
1.00




	
5

	
o

	
1.03

	
1.06

	
1.05

	
1.05

	
1.06

	
1.31

	
1.11

	
1.11

	
1.09

	
1.10




	
6

	
o

	
1.10

	
1.12

	
1.09

	
1.09

	
1.11

	
1.52

	
1.20

	
1.19

	
1.17

	
1.18




	
7

	
o

	
1.17

	
1.18

	
1.14

	
1.14

	
1.16

	
1.67

	
1.29

	
1.26

	
1.23

	
1.25




	
8

	
o

	
1.22

	
1.22

	
1.17

	
1.18

	
1.20

	
1.76

	
1.34

	
1.30

	
1.28

	
1.30




	
9

	
o

	
1.23

	
1.23

	
1.18

	
1.19

	
1.21

	
1.78

	
1.36

	
1.31

	
1.29

	
1.31




	
10

	
o

	
1.30

	
1.29

	
1.22

	
1.24

	
1.25

	
1.86

	
1.42

	
1.36

	
1.34

	
1.37




	
11

	
o

	
1.37

	
1.34

	
1.27

	
1.28

	
1.30

	
1.93

	
1.48

	
1.40

	
1.38

	
1.42




	
12

	
o

	
1.44

	
1.39

	
1.31

	
1.33

	
1.34

	
1.99

	
1.53

	
1.43

	
1.42

	
1.47




	
13

	
o

	
1.51

	
1.44

	
1.36

	
1.38

	
1.38

	
2.07

	
1.58

	
1.46

	
1.46

	
1.51




	
14

	
o

	
1.58

	
1.49

	
1.40

	
1.43

	
1.42

	
2.14

	
1.62

	
1.49

	
1.49

	
1.56




	
15

	
o

	
1.63

	
1.53

	
1.44

	
1.46

	
1.46

	
2.19

	
1.68

	
1.51

	
1.51

	
1.60




	
16

	
o

	
1.63

	
1.53

	
1.44

	
1.46

	
1.46

	
2.19

	
1.62

	
1.51

	
1.51

	
1.60




	
17

	
o

	
1.66

	
1.55

	
1.45

	
1.48

	
1.47

	
2.21

	
1.70

	
1.52

	
1.52

	
1.62




	
18

	
o

	
1.98

	
1.74

	
1.66

	
1.69

	
1.64

	
2.41

	
1.99

	
1.61

	
1.64

	
1.82




	
19

	
o

	
1.98

	
1.74

	
1.66

	
1.69

	
1.63

	
2.41

	
1.82

	
1.61

	
1.64

	
1.80




	
20

	
o

	
1.99

	
1.75

	
1.67

	
1.70

	
1.64

	
2.41

	
1.73

	
1.61

	
1.65

	
1.79








  : Incompliant with IMO Stability Regulation. o: Compliant with IMO Stability Regulation, x: Incompliant with IMO Stability Regulation.
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