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Abstract

:

Securing a ship’s safe stability is essential. Thus, monitoring the stability parameters of the IMO requirements is required to provide an alert about the risk of the safety of ships’ stability to the captain, officers, and the crew of a ship. However, calculating all ships’ intact stability parameters is complex without ship loading software or equipment. To evaluate ships’ intact stability parameters, a convenient methodology to simply calculate them is necessary as a supplementary method for ships in the absence of loading software or equipment. In the present study, the Simple Evaluation Methodology for Intact Stability (SEMIS) is proposed. SEMIS is introduced for simply evaluating the safety of ships’ stability according to GM. Based on the stability parameters of 336 loading conditions of 19 model ships, empirical formulas of SEMIS are derived. To verify the proposed methodology, the stability parameters of two model ships in 28 loading conditions are calculated using the proposed empirical formulas and the principal calculation methods, respectively, and then compared. The developed SEMIS efficiently evaluates the ships’ stability using only GM.
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1. Introduction


For the safe navigation of ships, maintaining sufficient stability according to Internation Maritime Organization (IMO) stability regulations is essential. Due to the lack of sufficient stability, many ship capsizing accidents have been reported, such as the Golden Ray car carrier accident on 8 September 2019 in Georgia, the United States, and the Dolgorae fishing vessel on 5 September 2015 in the Chuja Islands, as shown in Figure 1 [1,2].



The stability regulations improve the safety of the ships by providing ships’ operators with the guidelines. IMO [3] established the stability regulations in 1985, and they were amended in Resolution A.749 (18) in 1993 [4] and Resolution MSC.267 (85) in 2008 [5].



Several studies had been conducted in the 1930s before IMO established the stability regulations. The basic concept of the weather criterion was introduced [6]. Rahola [7] provided the procedure for the assessment of the adequate stability of a vessel. These two studies became the foundation for further studies regarding ships’ stability safety. IMO has developed intact stability criteria for various types of ships, culminating in the completion of the code on intact stability. The international standard code includes fundamental principles against capsizing, the weather criterion, the effect of free surfaces, icing, and watertight integrity. Generally, these criteria are regarded as the first generation of the intact stability criteria [8,9]. Based on the guidelines of the intact stability criteria of IMO, many studies have been carried out. The intact stability of fishing vessels operating in the Atlantic and Pacific Oceans under the action of fishing gear pull, beam waves, and wind were studied [10]. Hu et al. [11] suggested a stability criterion of sail-assisted ships based on the stability requirements for seagoing ships. Deybach [12] discussed the limitations of the IMO intact stability regulations when applying them to naval ships. Marutheri Parambath [13] suggested intact stability criteria for the weather criterion applied to rivers.



There have been many studies on intact stability assessment to provide convenient functionality from the perspective of the ships’ operators. Their main purpose is to develop functions that are more convenient and easier for the captain, officers, and crew of a ship to evaluate the condition of the ship’s intact stability. Brown and Witz [14] validated a method for evaluating the stability of a ship using roll period in real time. Terada et al. [15] developed a system to evaluate the GM of a ship using the roll natural frequency of container ships. A system was developed by [16] to estimate the GM of a ship and evaluate its stability using lateral fluctuations in mid-sized fishing vessels. Santiago et al. [17] evaluated the stability of a fishing vessel in operation in real time. A real-time evaluation system for second-generation intact stability using a radar and buoy was proposed by [18]. These studies provided useful tools to practically evaluate a ship’s intact stability performance in real time while operating on the sea. The Wolfson Unit [19] proposed an estimation function based on the experimental data for the wave height causing vessels to capsize and it was composed of variables related to the GZ curve. The estimation equation was proposed for a significant wave height using the ship length to induce the ship’s rollover when the ship stability meets the IMO minimum requirement, drawing on a case in which a ship capsized [20]. Based on the research of [19,20], the guidelines for stability assessment for ship owners and crew were developed by [21]. A single criterion value was proposed for conveniently evaluating the stability performance of fishing vessels to show the satisfaction of the IMO stability regulation [22]. For simply evaluating the IMO intact stability, except weather criteria, an evaluation method was proposed by [23]. Based on these studies, the development of a system that acquires ships’ motion data using a real sensor to evaluate the ship’s intact stability performance in real time is underway. From the point of view of ship operators, who have relatively less knowledge for evaluating the risk of ships’ stability performance, these studies are considered effective.



However, evaluating ships’ stability performance only using GM is not sufficient. Ships have to satisfy eight intact stability parameters including GM. Thus, a convenient methodology to simply calculate all of a ship’s intact stability parameters is necessary for the captain, officers, and crew to be able to evaluate the ship’s stability performance. In this study, the Simple Evaluation Methodology for Intact Stability (SEMIS) is proposed for efficiently determining whether a ship complies with the IMO intact stability regulations. As a method for determining the safety of the ship’s stability, the empirical formulas of SEMIS were derived based on the IMO intact stability parameters of 336 loading conditions of 19 model ships. After calculating GM, the other seven IMO intact stability parameters were calculated using simple empirical formulas according to the variable of GM. Then, each parameter was evaluated for its compliance with IMO intact stability regulations. To verify the proposed SEMIS, the stability parameters of two model ships in 28 loading conditions were calculated using the proposed empirical formulas and principal calculation methods, respectively, and then compared. These results were evaluated according to IMO intact stability regulations. The proposed SEMIS successfully pointed to loading conditions with insufficient stability.




2. Model Ships and Loading Conditions


A variety of ship types were employed to develop a widely applicable evaluation methodology, named SEMIS. The basic ships’ particulars of the 19 ships are presented in Table 1. There were seven different types of ships, namely four bulk carrier ships, four container ships, two tanker ships, three passenger ships, four training ships, one research ship, and one general cargo ship. The loading conditions comprised 336 scenarios of 19 model ships’ stability booklet data, as shown in Table 2.




3. Parameters of IMO Intact Stability Regulations


Eight IMO intact stability parameters, including the GM of IMO stability requirements, were considered to develop SEMIS. Table 3 shows the IMO intact stability parameters and their criteria. Eight stability parameters, including GM, are general criteria for cargo ships.



The eight stability parameters are summarized as follows:



	
GM (Metacentric Height): The height from the center of gravity to the transverse metacenter, taking into account the influence of the free surface of the liquid.



	
  G  Z  30 d e g    : The righting arm at 30° of the heeling angle.



	
  A n g l  e  m a x G Z    : The angle at which the GZ reaches the largest value in the range.



	
  A r e  a  0 – 30 d e g    : The area of “a” under GZ curve between 0° and 30° of the heeling angle.



	
  A r e  a  30 – 40 d e g    : The area of “b” between 30° and 40° (or flooding angle, whichever is less).



	
  A r e  a  0 – 40 d e g    : The area of “a + b” between 0° and 40° (or flooding angle, whichever is less).






Figure 2 (left) shows three patterns of the area under the GZ curve in the IMO stability regulation. Figure 2 (right) shows the weather criterion. The steady wind pressure on the ship leads to a heeling arm (   l  w 1    ). As a result, a heel angle (   φ 0   ) is generated to achieve equilibrium, and the wave motion causes the ship to heel with an angle (   φ 1   ) against the wind. At this moment, it should not exceed the value of 16° or 80% of the immersion angle, whichever is less. Moreover, due to the gust wind pressure, the ship is subjected to inclination. In this case, the area of “d” should be larger than the area of “c”.




4. SEMIS


The SEMIS can simply evaluate the seven IMO intact stability parameters (  G  Z  30 d e g   ,   A n g l  e  m a x G Z   ,   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   ,   A r e  a  r a t i o   ,    φ 0   ) according to GM, which is calculated before the ship’s departure from a port. The seven IMO intact stability parameters are calculated using simple empirical formulas using GM. Then, each parameter is evaluated for its compliance with IMO intact stability regulations. Finally, the safety of ships’ stability is assessed according to evaluated parameters.



4.1. Derivation of Empirical Formulas of SEMIS


Based on the seven IMO intact stability parameters described above and two additional parameters, namely   A r e  a c    and   A r e  a d   , of 336 loading conditions of 19 model ships, this study derived the empirical formulas that allow a captain, officers, and crew to simply calculate the stability parameters only using GM. Figure 3 presents the trend lines of the seven IMO intact stability parameters and areas of “c” and “d” of the weather criterion according to GM.



For the fitting procedure of the IMO intact stability parameters according to GM, the linear function using the method of least squares was introduced for eight parameters except for the heeling angle    φ 0   . The reciprocal function using the method of least squares was introduced for the heeling angle    φ 0    to improve the coefficient of determination as shown in Figure 3i. As shown in Figure 3b,f, it is problematic for   A n g l  e  m a x G Z     and   A r e  a  r a t i o       to derive proper formulas due to the low correlation. In terms of the IMO intact stability regulations for the two parameters, all their values comply with the IMO intact stability requirements as they are over 25 deg and 1.0, respectively, as shown in Figure 3b,f.




4.2. Analysis Empirical Formulas


In this section, the empirical formulas derived in Section 4.1 are analyzed for using them as discriminants for compliance with IMO intact stability regulations.



The four empirical formulas for   G  Z  30 d e g    ,   A r e  a  0 – 30 d e g    ,   A r e  a  0 – 40 d e g    , and   A r e  a  30 – 40 d e g     have a high coefficient of the determination    R 2    with values of 0.9611, 0.9942, 0.9870, and 0.9676, respectively, as shown in Table 4. In other words, these empirical formulas reliably reflect the relationship between the four parameters and GM.



In terms of the empirical formula of the heeling angle    φ 0   , most of the parameters of the heeling angle    φ 0    are condensed in the limited range of GM of 0~2, and the slope of the trend line sharply declines, as shown in Figure 3i. It reduces the coefficient of determination    R 2    of the heeling angle    φ 0   . Although the coefficient of determination    R 2    (0.5802) of the heeling angle    φ 0    is relatively lower than the other four parameters, the empirical formula of the heeling angle    φ 0    is expected to be properly used as an indicator of compliance with the IMO intact stability requirement.



However, the coefficient of determination    R 2    of the empirical formulas of   A n g l  e  m a x G Z     and   A r e  a  r a t i o     are under 0.1, as shown in Table 4. Figure 3 shows the characteristics of these three IMO intact stability parameters.



Firstly, all values of   A n g l  e  m a x G Z     of the 336 loading conditions of 19 model ships satisfy the IMO requirement of 25 deg, as shown in Figure 3b. Moreover,   A n g l  e  m a x G Z     in the worst loading conditions of various types of ships without compliance with IMO regulations satisfy the IMO requirement of 25 deg, as shown in cases 1 to 10 in Table 5. In cases 11 to 17 in Table 5, all cases’  A n g l  e  m a x G Z     are over 25 deg with a low GM. In other words, it could be expected that most of the loading conditions could be evaluated as satisfying the IMO intact stability regulation of   A n g l  e  m a x G Z     without the empirical formula of   A n g l  e  m a x G Z    .



Secondly, the   A r e  a  r a t i o     of the 336 loading conditions of 19 model ships satisfy the IMO intact stability regulation in all scenarios. In terms of the coefficient of determination    R 2    of the empirical formulas of   A r e  a  r a t i o    ,which is 0.0009, the formula is an unreliable trend line. Thus, 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 a high determination    R 2    of 0.9676 and 0.9769, 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    is four times larger than   A r e  a c   , as shown in Figure 3g,h. The   A r e  a  r a t i o     using the empirical formulas of   A r e  a c    and   A r e  a d    is 4.008.




4.3. Concept of SEMIS


The SEMIS can simply evaluate the seven IMO intact stability parameters according to GM. Finally, according to the evaluated parameters, the safety of ships’ stability is assessed. Figure 4 shows the details of the procedure of the four phases of SEMIS.



In Phase I, ships’ officers calculate GM using the practical method to calculate KG and KM with a hydrostatic table according to the ship’s displacement. After calculating GM, the other seven IMO intact stability parameters are calculated using simple empirical formulas according to the variable of GM in Phase II. In Phase II, five empirical formulas, namely   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    , and the heeling angle    φ 0   , as shown in Table 4, are used to calculate each parameter. The empirical formulas of   A r e  a c    and   A r e  a d    are used for calculating   A r e  a  r a t i o     in Phase II. As mentioned in Section 4.2,   A n g l  e  m a x G Z     is considered as satisfying the IMO intact stability regulation of   A n g l  e  m a x G Z     without the empirical formula. In Phase III, each parameter is evaluated for its compliance with the IMO intact stability regulations. Finally, according to the evaluated parameters, the safety of the ship’s stability is assessed in Phase IV.





5. Verification of SEMIS


5.1. Model Ships for the Verification


Two types of vessels were introduced to validate SEMIS. The basic information and general layout of the two vessels are presented in Figure 5 and Table 6. The first model ship was a 5600-ton class general cargo ship operated in the East Asia sea. The deadweight of the general cargo ship was 3600 ton. The second model ship was a 9100-ton class maritime university training ship operated. The deadweight of the training ship was 3600 ton and it was able to accommodate 239 persons.




5.2. Results and Discussion


In Table 7, we present the principal methods used to calculate seven IMO intact stability parameters (  G  Z  30 d e g   ,     A n g l  e  m a x G Z   ,   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   , A r e  a  r a t i o   ,    φ 0   ) according to GM of a variety of loading conditions of the two model ships.



There were different 13 cargo loading conditions for the general cargo ship, including two loading conditions that did not satisfy the IMO intact stability requirements, as shown in Table 7. There were different 15 loading conditions for the training ship, including two loading conditions that did not satisfy the requirements, as shown in Table 7.



Table 8 shows the results of five parameters (  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    , and the heeling angle    φ 0   ) using empirical formulas and error ratios compared to results calculated using the principal methods.



The four empirical formulas of SEMIS for   G  Z  30 d e g    ,   A r e  a  0 – 30 d e g    ,   A r e  a  0 – 40 d e g    , and   A r e  a  30 – 40 d e g    , which had a high coefficient of determination    R 2    of 0.9611, 0.9942, 0.9870, and 0.9676, respectively, reliably calculated each parameter with a low error ratio, as shown in Table 8. Accordingly, the four empirical formulas of SEMIS successfully evaluated unsatisfied parameters in terms of their compliance or non-compliance with IMO regulations, as shown in Table 8. Although the heeling angles    φ 0    using the empirical formulas of SEMIS have a relatively higher error ratio than other parameters, for the reasons mentioned in Section 4.2, we were successful in evaluating the heeling angles    φ 0    for their compliance with IMO regulations, for scenarios 12 and 13 of the general cargo ship and scenarios 14 and 15 of the training ship, as shown in Table 8.



Table 8 shows the results of five IMO intact stability parameters, except for   A n g l  e  m a x G Z     and   A r e  a  r a t i o    , using the empirical formulas of SEMIS. As mentioned in Section 4.2,   A n g l  e  m a x G Z     complied with the IMO intact stability requirement as it was over 25 deg in all scenarios, as shown in Figure 4 and Table 7. Hence, most of the loading conditions could be evaluated as satisfying the IMO intact stability regulation of   A n g l  e  m a x G Z    .



Additionally, as stated in Section 4.2,   A r e  a  r a t i o     complied with the IMO intact stability requirement of 1.0 in all scenarios, as shown in Figure 3. In Table 7, the parameters of   A r e  a  r a t i o     in all scenarios are at least two times higher than the IMO regulation. It is inefficient to consider   A n g l  e  m a x G Z     and   A r e  a  r a t i o     as variables for SEMIS. Thus, the two parameters could be considered as generally compliant with the IMO intact stability requirements in most loading conditions.



The parameters with an error ratio of over 30% are indicated in blue and those that are non-compliant with the IMO stability regulations are indicated in red in Table 8. Additionally, Figure 6 shows the parameters, except for the heeling angles    φ 0  ,   with an error ratio between +50% and −50% compared to the results using the principal methods. As shown in Figure 6, the error ratio of the four parameters 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    , and   A r e  a  30 – 40 d e g     under ± 30% is 96.6%. Moreover, the error ratio of the four parameters under ± 10% is 49.1%. The average error ratio of the four parameters is 13.9%. Although the parameter of GM of the general cargo ship in scenario 13 complies with the IMO regulation as it is over 0.15 m, the SEMIS successfully evaluates unsatisfied parameters such as Area0–30 and Area0–40 of the GZ curve and the heeling angles    φ 0   .



Table 9 presents the results of the procedure of SEMIS of the 13 scenarios of the general cargo ship and the 15 scenarios of the training ship for efficiently determining whether ships can comply with IMO intact stability regulations. As shown in Table 9, SEMIS was successful in evaluating the parameters according to GM for their compliance with IMO regulations. SEMIS perfectly evaluated the unsatisfied scenarios 12 and 13 of the general cargo ship and scenarios 14 and 15 of the training ship in Table 9. Hence, SEMIS is a convenient and easy method for the captain, officers, and crew of a ship to evaluate the condition of the ship’s intact stability.





6. Conclusions


In the present study, SEMIS is proposed for simply evaluating IMO intact stability parameters according to GM. Based on the stability parameters of 336 loading conditions of 19 model ships, empirical formulas were derived. To verify the proposed SEMIS, the stability parameters of two model ships in 28 loading conditions were evaluated. The following conclusions and recommendations for further studies can be drawn.



	
The SEMIS comprises four phases (Calculating GM, Calculating Parameters, Evaluating Parameters, and Stability Assessment in sequence) for evaluating IMO intact stability parameters, as shown in Figure 4. From the point of view of ship operators who are working in ships without ship loading software or equipment and have relatively less knowledge for evaluating the risk of ships’ stability performance, SEMIS is considered an effective supplementary method.



	
The developed SEMIS efficiently evaluates the ships’ stability using only GM, whether compliant with the IMO regulations or not. As shown in Table 9, SEMIS perfectly evaluates four insufficient loading conditions in a total of 28 scenarios.



	
In further studies, additional types of ships and loading conditions will be considered in order to improve the reliability of the empirical formulas of SEMIS. Additionally, experiments using a sensor that measures the roll period of a ship, followed by evaluations using SEMIS, will be carried out in future studies.
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Nomenclature








	IMO
	International Maritime Organization



	SEMIS
	Simple Evaluation Methodology for Intact Stability



	GM
	Metacentric height



	KG
	Height of the ship’s center of gravity above the keel



	KM
	Height of metacenter above the keel



	Symbols
	



	   x  G M      (GM)
	GM (m)



	   y 1    (  G  Z  30 d e g    )
	Righting arm at 30° of the heeling angle (m)



	   y 2       (  A n g l  e  m a x G Z    )   
	Angle at which the GZ reaches the largest value in the range (deg)



	   y 3      ( A r e  a  0 – 30 d e g   )  
	Area of GZ curve between 0° and 30° of the heeling angle (m-rad)



	   y 4       (  A r e  a  0 – 40 d e g    )   
	Area of GZ curve between 0°and 40° (or flooding angle, whichever is less) (m-rad)



	   y 5      ( A r e  a  30 – 40 d e g   )  
	Area of GZ curve between 30°and 40° (or flooding angle, whichever is less) (m-rad)



	   y 6    (  A r e  a  r a t i o    )
	Ratio of area d divided by area c



	   y 7    (  A r e  a c   )
	Area of GZ curve of the weather criterion between    φ 0    and    φ 1    (m-rad)



	   y 8    (  A r e  a d  )  
	Area of GZ curve of the weather criterion between    φ 0    and    φ 2    (m-rad)



	   y 9    (   φ 0  )  
	Heeling angle in steady wind pressure (deg)
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Figure 1. Golden Ray car carrier (left) and Dolgorae fishing vessel (right) accidents. 
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Figure 2. Area under GZ curve (left) and weather criterion (right) [24]. 
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Figure 3. Trend lines of the seven IMO intact stability parameters according to GM. 
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Figure 4. Concept of SEMIS. 
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Figure 5. Model ships of general cargo ship (left) and training ship (right). 
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Figure 6. Error ratio of all parameters using empirical formulas. 
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Table 1. Particulars of model ships.






Table 1. Particulars of model ships.





	No.
	Model Ships
	Length B. P. (m)
	Breadth (m)
	Full Displacement (ton)





	1
	B-1
	264.0
	45.0
	169,406.3



	2
	B-2
	300.4
	50.0
	233,117.3



	3
	B-3
	78.7
	14.0
	5145.7



	4
	B-4
	107.2
	18.2
	9666.9



	5
	C-1
	210.9
	30.0
	51,658.0



	6
	C-2
	248.0
	32.3
	68,056.4



	7
	C-3
	244.0
	37.3
	84,028.1



	8
	C-4
	137.0
	22.6
	17,105.6



	9
	TK-1
	142.6
	24.2
	25,811.4



	10
	TK-2
	322.0
	60.0
	364,796.0



	11
	P-1
	171.0
	27.0
	16,044.7



	12
	P-2
	138.5
	24.1
	11,135.0



	13
	P-3
	132.0
	22.0
	9907.5



	14
	TR-1
	104.0
	17.8
	6434.6



	15
	TR-2
	120.0
	19.4
	9122.2



	16
	TR-3
	94.0
	15.6
	4626.7



	17
	TR-4
	93.0
	14.5
	4318.8



	18
	R-1
	86.0
	18.0
	6392.3



	19
	G-2
	99.2
	19.5
	6580.4







B: bulk carrier ship, C: container ship, TK: tanker ship, P: passenger ship. TR: training ship, R: research ship, G: general cargo ship.
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Table 2. Loading conditions.






Table 2. Loading conditions.





	Model Ships
	Number of Scenarios
	Range of Displacement (ton)
	Range of Cb





	Bulk carrier ship
	46
	3640.5~233,118.5
	0.731~0.841



	Container ship
	93
	8276.2~84,257.0
	0.545~0.662



	Tanker ship
	65
	13,589.2~364,896.0
	0.728~0.813



	Passenger ship
	72
	1153.8~16,044.7
	0.475~0.765



	Training ship
	38
	3549.8~9122.2
	0.538~0.597



	Research ship
	18
	5413.7~6392.3
	0.584~0.616



	General cargo ship
	4
	3498.5~6580.2
	0.731~0.785
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Table 3. IMO intact stability parameters and criteria.






Table 3. IMO intact stability parameters and criteria.





	Stability Parameter
	Criteria





	   G M   
	0.150 m



	   G  Z  30 d e g     
	0.200 m



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



	   A r e  a  0 – 30 d e g     
	0.055 m-rad



	   A r e  a  0 – 40 d e g     
	0.090 m-rad



	   A r e  a  30 – 40 d e g     
	0.030 m-rad



	   A r e  a  r a t i o     
	1.0



	    φ 0    
	16° and 80% of the angle of deck edge immersion, whichever is less
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Table 4. Empirical formulas according to GM.






Table 4. Empirical formulas according to GM.





	No.
	Stability Parameter
	Empirical Formula According to GM
	      R 2        





	1
	   G  Z  30 d e g     
	    y 1  = 0.5261  x  G M   + 0.1145   
	0.9611



	2
	   A n g l  e  m a x G Z     
	    y 2  = 0.4775  x  G M   + 37.043   
	0.0972



	3
	   A r e  a  0 – 30 d e g     
	    y 3  = 0.1341  x  G M   + 0.0216   
	0.9942



	4
	   A r e  a  0 – 40 d e g     
	    y 4  = 0.2214  x  G M   + 0.0470   
	0.9870



	5
	   A r e  a  30 – 40 d e g     
	    y 5  = 0.0873  x  G M   + 0.0253   
	0.9676



	6
	   A r e  a  r a t i o     
	    y 8  = − 0.0121  x  G M   + 4.4431   
	0.0009



	7
	Area c
	    y 6  = 0.0766  x  G M     
	0.9680



	8
	Area d
	    y 7  = 0.307  x  G M     
	0.9741



	9
	    φ 0    
	    y 9  =  1  0.15689  x  G M   + 0.05209     
	0.58029
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Table 5. AnglemaxGZ in the low GM.






Table 5. AnglemaxGZ in the low GM.





	No.
	Type of Ship
	Compliance with IMO Reg
	GM (m)
	AnglemaxGZ (deg)





	1
	P
	x
	0.10
	36.50



	2
	P
	x
	0.20
	37.02



	3
	P
	x
	0.30
	37.51



	4
	P
	x
	0.40
	37.51



	5
	G
	x
	0.10
	49.48



	6
	G
	x
	0.16
	48.91



	7
	TR
	x
	0.10
	36.50



	8
	TR
	x
	0.13
	38.41



	9
	TR
	x
	0.20
	37.00



	10
	TR
	x
	0.30
	37.50



	11
	P
	o
	0.50
	38.00



	12
	P
	o
	0.60
	38.50



	13
	TR
	o
	0.40
	38.50



	14
	C
	o
	0.56
	33.05



	15
	C
	o
	0.57
	38.40



	16
	C
	o
	0.58
	38.46



	17
	R
	o
	0.57
	31.20







C: container ship, P: passenger ship, TR: training ship. R: research ship, G: general cargo ship. o: compliant with IMO stability regulation, x: non-compliant with IMO stability regulation.
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Table 6. Particulars of model ships.






Table 6. Particulars of model ships.





	Items
	General Cargo Ship
	Training Ship





	Length O. A.
	83.4 m
	133.0 m



	Length B. P.
	75.2 m
	120.0 m



	Breadth (B)
	14.0 m
	19.4 m



	Draft (d)
	6.1 m
	6.4 m



	Full Displacement
	5646.8 ton
	9122.2 ton



	    C b  <   
	0.732
	0.553
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Table 7. Stability calculation using the principal methods.






Table 7. Stability calculation using the principal methods.





	

	
Scenario

Number

	
Compliance

with

IMO Reg

	
GM

(m)

[0.15]

	
GZ30deg

(m)

[0.20]

	
AnglemaxGZ

(deg)

[25.0]

	
Area0–30

(m-rad)

[0.055]

	
Area0–40

(m-rad)

[0.090]

	
Area30–40

(m-rad)

[0.030]

	
    φ 0     (deg)

[G:11.42]

[TR:11.12]

	
Arearatio

(d/c)

[1.0]






	
General Cargo Ship

	
1

	
o

	
1.79

	
1.06

	
51.99

	
0.27

	
0.48

	
0.22

	
1.37

	
3.01




	
2

	
o

	
1.84

	
1.13

	
53.98

	
0.28

	
0.51

	
0.23

	
1.49

	
2.43




	
3

	
o

	
1.36

	
0.62

	
48.85

	
0.17

	
0.29

	
0.12

	
1.14

	
2.80




	
4

	
o

	
1.33

	
0.65

	
49.48

	
0.18

	
0.31

	
0.13

	
1.26

	
3.01




	
5

	
o

	
2.13

	
1.02

	
55.59

	
0.28

	
0.48

	
0.20

	
0.82

	
2.83




	
6

	
o

	
2.14

	
1.06

	
55.59

	
0.29

	
0.50

	
0.21

	
0.82

	
2.51




	
7

	
o

	
2.09

	
0.10

	
55.24

	
0.27

	
0.47

	
0.20

	
0.77

	
2.27




	
8

	
o

	
2.09

	
1.04

	
54.21

	
0.28

	
0.49

	
0.21

	
0.82

	
2.89




	
9

	
o

	
2.01

	
0.96

	
55.33

	
0.26

	
0.45

	
0.19

	
0.80

	
2.33




	
10

	
o

	
1.10

	
0.69

	
48.72

	
0.17

	
0.30

	
0.13

	
7.56

	
3.58




	
11

	
o

	
0.40

	
0.28

	
49.03

	
0.07

	
0.14

	
0.07

	
9.83

	
9.54




	
12

	
x

	
0.10

	
0.16

	
48.25

	
0.03

	
0.08

	
0.04

	
17.86

	
2.91




	
13

	
x

	
0.16

	
0.16

	
48.91

	
0.04

	
0.09

	
0.05

	
17.07

	
2.33




	
Training Ship

	
1

	
o

	
2.33

	
1.42

	
42.45

	
0.32

	
0.55

	
0.23

	
2.50

	
3.01




	
2

	
o

	
1.89

	
0.96

	
42.62

	
0.22

	
0.38

	
0.15

	
4.30

	
2.43




	
3

	
o

	
2.42

	
1.41

	
42.46

	
0.32

	
0.55

	
0.23

	
2.70

	
2.80




	
4

	
o

	
2.24

	
1.30

	
43.08

	
0.29

	
0.50

	
0.21

	
3.10

	
3.01




	
5

	
o

	
2.15

	
1.16

	
43.16

	
0.26

	
0.45

	
0.19

	
3.30

	
2.83




	
6

	
o

	
2.04

	
1.02

	
42.73

	
0.24

	
0.40

	
0.17

	
3.70

	
2.51




	
7

	
o

	
1.94

	
0.93

	
42.73

	
0.22

	
0.36

	
0.15

	
4.50

	
2.27




	
8

	
o

	
2.31

	
1.34

	
41.67

	
0.31

	
0.53

	
0.22

	
2.50

	
2.89




	
9

	
o

	
1.77

	
0.86

	
42.45

	
0.20

	
0.34

	
0.14

	
4.80

	
2.33




	
10

	
o

	
2.43

	
1.41

	
42.10

	
0.33

	
0.56

	
0.23

	
2.30

	
2.91




	
11

	
o

	
1.95

	
0.95

	
42.08

	
0.23

	
0.38

	
0.15

	
4.10

	
2.33




	
12

	
o

	
0.50

	
0.38

	
48.44

	
0.09

	
0.17

	
0.08

	
10.77

	
7.71




	
13

	
o

	
0.80

	
0.49

	
49.22

	
0.13

	
0.23

	
0.11

	
9.74

	
3.29




	
14

	
x

	
0.10

	
0.17

	
48.24

	
0.04

	
0.08

	
0.05

	
17.87

	
2.11




	
15

	
x

	
0.13

	
0.14

	
48.90

	
0.04

	
0.08

	
0.05

	
17.91

	
1.94








o: Compliant with IMO stability regulation, x: non-compliant with IMO stability regulation.  [image: Jmse 09 00735 i001]: non-compliant with IMO stability regulation.
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Table 8. Stability calculation using the empirical formulas and error ratio.






Table 8. Stability calculation using the empirical formulas and error ratio.





	

	
Scenario

Number

	
GM

(m)

[0.15]

	
GZ30deg

(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)

[11.42]

[11.12]

	
Error Ratio

(%)






	
General Cargo Ship

	
1

	
1.80

	
1.06

	
−0.1

	
0.26

	
−1.9

	
0.45

	
−7.9

	
0.18

	
−15.2

	
2.992

	
118.3




	
2

	
1.85

	
1.09

	
−4.3

	
0.27

	
−4.9

	
0.46

	
−10.9

	
0.19

	
−18.3

	
2.928

	
96.2




	
3

	
1.37

	
0.84

	
33.8

	
0.21

	
18.6

	
0.35

	
17.5

	
0.14

	
15.8

	
3.747

	
229.8




	
4

	
1.33

	
0.82

	
26.6

	
0.20

	
13.3

	
0.34

	
11.9

	
0.14

	
9.89

	
3.826

	
203.2




	
5

	
2.14

	
1.24

	
22.1

	
0.31

	
10.8

	
0.52

	
8.1

	
0.21

	
4.4

	
2.582

	
216.4




	
6

	
2.14

	
1.24

	
17.3

	
0.31

	
7.6

	
0.52

	
4.5

	
0.21

	
0.1

	
2.576

	
215.7




	
7

	
2.09

	
1.21

	
21.8

	
0.30

	
10.6

	
0.51

	
7.9

	
0.21

	
4.4

	
2.632

	
240.9




	
8

	
2.09

	
1.22

	
16.9

	
0.30

	
7.2

	
0.51

	
3.9

	
0.21

	
−0.5

	
2.628

	
218.6




	
9

	
2.01

	
1.17

	
22.3

	
0.29

	
10.9

	
0.49

	
8.5

	
0.20

	
4.9

	
2.725

	
241.5




	
10

	
0.50

	
0.69

	
0.3

	
0.17

	
0.6

	
0.29

	
4.3

	
0.12

	
9.1

	
4.45

	
41.1




	
11

	
0.80

	
0.33

	
15.3

	
0.08

	
4.9

	
0.14

	
5.6

	
0.06

	
16.2

	
8.71

	
11.4




	
12

	
0.10

	
0.17

	
1.2

	
0.04

	
−2.7

	
0.07

	
−15.9

	
0.03

	
−26.4

	
14.75

	
−17.4




	
13

	
0.16

	
0.20

	
27.6

	
0.04

	
8.8

	
0.08

	
−8.9

	
0.04

	
−22.8

	
12.96

	
−24.1




	
Training Ship

	
1

	
2.33

	
1.34

	
−5.4

	
0.33

	
4.7

	
0.56

	
1.9

	
0.23

	
−1.8

	
2.39

	
−4.2




	
2

	
1.89

	
1.11

	
16.2

	
0.28

	
23.0

	
0.47

	
23.4

	
0.19

	
23.8

	
2.86

	
−33.4




	
3

	
2.42

	
1.39

	
−1.4

	
0.35

	
8.9

	
0.58

	
6.1

	
0.24

	
2.2

	
2.32

	
−14.1




	
4

	
2.24

	
1.29

	
−0.4

	
0.32

	
12.4

	
0.54

	
9.5

	
0.22

	
5.5

	
2.48

	
−19.9




	
5

	
2.15

	
1.24

	
6.9

	
0.31

	
17.7

	
0.52

	
16.1

	
0.21

	
13.8

	
2.57

	
−22.1




	
6

	
2.04

	
1.19

	
16.3

	
0.30

	
25.1

	
0.50

	
24.7

	
0.20

	
23.3

	
2.69

	
−27.4




	
7

	
1.94

	
1.14

	
22.4

	
0.28

	
31.3

	
0.48

	
31.1

	
0.19

	
30.9

	
2.80

	
−37.8




	
8

	
2.31

	
1.33

	
−0.9

	
0.33

	
7.4

	
0.56

	
5.3

	
0.23

	
2.3

	
2.41

	
−3.6




	
9

	
1.77

	
1.05

	
21.1

	
0.26

	
29.5

	
0.44

	
29.5

	
0.18

	
29.4

	
3.03

	
−36.9




	
10

	
2.43

	
1.39

	
−1.1

	
0.35

	
6.9

	
0.59

	
5.0

	
0.24

	
1.9

	
2.31

	
0.3




	
11

	
1.95

	
1.14

	
20.3

	
0.28

	
24.2

	
0.48

	
25.3

	
0.20

	
26.9

	
2.79

	
−31.9




	
12

	
0.50

	
0.38

	
0.5

	
0.09

	
1.1

	
0.16

	
7.7

	
0.07

	
15.0

	
7.66

	
28.9




	
13

	
0.80

	
0.54

	
8.7

	
0.13

	
2.8

	
0.22

	
3.5

	
0.09

	
10.9

	
5.63

	
42.2




	
14

	
0.10

	
0.17

	
1.2

	
0.03

	
−2.8

	
0.07

	
−15.9

	
0.03

	
−26.4

	
14.75

	
−17.4




	
15

	
0.13

	
0.18

	
30.7

	
0.04

	
9.8

	
0.08

	
−9.6

	
0.04

	
−24.1

	
13.80

	
−22.9








 [image: Jmse 09 00735 i001]: Non-compliant with IMO stability regulation,  [image: Jmse 09 00735 i002]: error ratio over 30%.
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Table 9. Comparison of compliance with IMO intact stability regulations.






Table 9. Comparison of compliance with IMO intact stability regulations.





	

	
Scenario Number

	
Principal Method

	
SEMIS






	
General Cargo Ship

	
1

	
o

	
o




	
2

	
o

	
o




	
3

	
o

	
o




	
4

	
o

	
o




	
5

	
o

	
o




	
6

	
o

	
o




	
7

	
o

	
o




	
8

	
o

	
o




	
9

	
o

	
o




	
10

	
o

	
o




	
11

	
o

	
o




	
12

	
x

	
x




	
13

	
x

	
x




	
Training Ship

	
1

	
o

	
o




	
2

	
o

	
o




	
3

	
o

	
o




	
4

	
o

	
o




	
5

	
o

	
o




	
6

	
o

	
o




	
7

	
o

	
o




	
8

	
o

	
o




	
9

	
o

	
o




	
10

	
o

	
o




	
11

	
o

	
o




	
12

	
o

	
o




	
13

	
o

	
o




	
14

	
x

	
x




	
15

	
x

	
x








o: Compliant with IMO stability regulation, x: non-compliant with IMO stability regulation.
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