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Abstract
During the currently ongoing development of methods for assessing the safety of ships, it is imperative that 
a compromise between the accuracy of the results and the accessibility of obtaining results is reached. This 
paper shows the calculations of a theoretical hull against damage stability regulations as included in SOLAS 
2020, ICLL 66/88 as amended in 2003 and MARPOL 78. The rules included in the currently valid regulations 
require certain righting arm curve properties from vessels before and after potential damage, which does not 
pose a high difficulty level to engineers. However, for many engineers and scientists working with these rules, 
it is unclear what kind of behavior (particularly roll motion) these righting arm curve parameters correspond. 
In this paper, a correlation between the required GZ properties and the actual roll motion of a ship in waves, 
as calculated with the well-established method proposed by the ITTC, is revealed, and a comparison of the 
results to the currently in use regulations as well as comparison between the methods themselves is made. The 
comparison reveals the impact of GZ curve parameters on the roll motion of the ship.

Introduction

The current structure of rules governing the safe-
ty of ships is very complex. This is mainly because 
of a complex relationship between the Flag States, 
Classification Societies, and the Owners/Operators 
of the ships. To simplify this relationship in broad 
terms, it is possible to state that it is the Flag State of 
the country a ship is flying that guarantees fulfilling 
all the mandatory safety requirements. Therefore, it 
is in the Flag’s hands to determine if a ship is seawor-
thy and adequately equipped. Needless to say, many 
Flag States do not have the resources to monitor all 
the criteria responsible for checking if a sufficient 
range of positive righting lever curve is provided. 
For cargo ships, for which the SOLAS 2020 method 
is used, the rules defined by ICLL 66 as amended or 

SOLAS 90 were previously applicable (except for 
special purpose ships).

The IACS (International Association of Classifi-
cation Societies) merchant fleet constitutes approx-
imately 96% of the worldwide fleet (tonnage-wise) 
and 75% of worldwide fleet (unit number-wise). 
The remaining fleet may be governed by some Flag 
States directly or other small Classification Societies 
which are not members of the IACS. It is important 
to note that, in many cases, the ships that are not 
classed by an IACS Classification Society do not 
meet IACS minimum requirements.

It is not easy to list all the requirements related 
to safety from the Classification Societies (mem-
bers of IACS), but the underlining factor is that they 
are grouped into certain categories and dealt with 
by different departments and people within these 



Piotr Szulczewski

2	 Scientific	Journals	of	the	Maritime	University	of	Szczecin	68	(140)

organizations. This may lead to a lack of correlation 
between specific requirements and overseeing cer-
tain safety aspects resulting from ships combined 
characteristics. The main disadvantage of the rules/
requirements is their selective structure which intro-
duces a high risk of being in contrast with the holistic 
approach to safety. In this work, a direct seakeeping 
calculation of a selected example vessel is presented, 
and the results are compared with the rules, namely 
MARPOL 78, ICLL 66/88, and SOLAS 2020.

Due to the commercial sensitivity of the regula-
tions, there is limited publically available literature 
covering the subject of determination of the safety 
of cargo ships and the dynamic stability investiga-
tions in damaged conditions (Gourlay & Lilienthal, 
2002 – intact). Hence, this paper presents the actu-
al levels of safety correlated to the roll motion as 
stipulated by the hydrostatic parameters of ships in 
the published regulations ICLL 66/88, MARPOL 78, 
and SOLAS 2020. The differences (if any) provided 
by these regulations safety levels will be identified.

The purpose of this work is to popularize the 
knowledge and understanding of the actual levels 
of safety provided by the currently in use rules and 
regulations and indicate the direction in which they 
should be developed.

Investigated vessel

The vessel (Figure 1) conditions selected for the 
investigation are parameters shown in Table 1.
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Figure 1. Sections of the investigated vessel (Bole & Lee, 
2006; Tunaley, 2013)

Table 1. Parameters of the investigated theoretical hull

Parameter SOLAS criteria ICLL/MARPOL criteria

Length, L 200 m 200 m
Beam, B 30 m 30 m
Draft, T 13.13 m 11.85 m
GZmax 0.12 m 0.10 m
GM 0.74 m 0.22 m
Range 16 deg 20 deg
Cb 0.99 0.99

In both cases, the maximum value of the righting 
arm and the range of the positive value of righting 
arm correspond to the minimum requirements stipu-
lated by the corresponding regulations.

Survival conditions as described in  
SOLAS 2020, ICLL 66/88, and MARPOL 78

As per the formula for the Attained Subdivision 
Index (SOLAS, 2020), the obtained for each dam-
age case scenario “pi” index is multiplied by the “s” 
factor. This factor varies with the attained stability 
parameters of ships for particular damage cases as 
defined by the factor “pi”.

In general, the “si” is defined as the minimum of 
the values presented (1):

 si = minimum{sintermediate, i, sfinal, i, smom, i} (1)

However, for cargo ships, only the “sfinal, i” is tak-
en into consideration. The formula for “sfinal, i” (2) is 
a function of stability parameters of vessels at the 
final stage of flooding.

 4
1

max
final, 16

Range
12.0







 
GZKs i  

 

 (2)

where:
K – coefficient as per SOLAS 2020,
s – probability of a vessel surviving damage 

as per SOLAS 2020,
GZ – righting arm of a ship in meters,
Range – positive range of a righting arm in 

degrees.
In both above cases, if the values of either GZmax 

or “Range” are larger than the denominatives, the 
values for calculations are not to be taken greater 
than them.

Consequently, there is no additional benefit for 
the value of the “s” factor from the values of the pre-
viously mentioned stability parameters being great-
er than the values stipulated in the above equations. 
The “K” factor in the equation for “s” is a function 
that determines the maximum allowable final degree 
of heel after sustaining damage and is only to be tak-
en as “1” if it is less than 25 degrees and 0 if it is 
more than 30 degrees. In other cases, it is to be taken 
as a function of the difference between the maximum 
allowable angle of the heel and the actual angle.

A comparison table of the required stabili-
ty parameters by these three methods is presented 
below (Table 2).

Figure 2 shows a graphical representation of val-
ues of the “s” factor for different initial parameters. 
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In addition, it is worth mentioning that a result of 
such a low value of righting arm as 0.1 meters from 
theoretical calculations is relatively improbable, and 
there may be very little practical diff erence between 
the 0.1 meters and 0.12 meters limit.

The fi nal value of “A”, the attained level of safety 
factor that is to be taken for comparison against the 
required safety level represented by “R”, is taken as 
a sum (3) of the mean “A” value obtained from cal-
culations from damage cases to both sides for diff er-
ent drafts: the subdivision draft (usually correspond-
ing to the deepest subdivision draft), the partial 
draft, being calculated as per an adequate formula 
(SOLAS, 2020), and the light service draft (usual-
ly corresponding to the lightest draft that the vessel 
may operate in, e.g. Light ballast draft).

 A = 0.4 As + 0.4 Ap + 0.2 Al (3)

For cargo ships, in no case is the attained safety 
level calculated at any of the above mentioned drafts 
to be less than 0.5 multiplied by the required level 
of safety.

Calculation model and assumptions 
(methodology)

To accurately evaluate the regulations, a sea-
keeping model (strip theory) of a ship on waves has 

been prepared. The model has the following set of 
assumptions:
1) The pressure under the wave-crest is modelled 

with the use of hydrostatics.
2) The evaluated objects have a large L to B and L to 

H ratios (more than 4) and are symmetric.
3) Motion amplitude is small so that equations can 

be linearized (Journée & Massie, 2001). This 
means that damping coeffi  cients and added mass 
coeffi  cients are constant in time/frequency and 
that motions of a ship can be calculated separate-
ly with minimum error to the results introduced 
(quasi-dynamical approach). (This assumption 
will cause an error in calculations, but as eval-
uated in multiple studies (e.g. Salvesen, Tuck 
& Faltinsen, 1970), the fi nal values are not very 
far off  the actual values and can be considered 
a good approximation).

4) The motions that have a decisive impact on 
a ship’s survivability in waves are the motions 
that impact the vertical position of weather-tight 
openings or deck lowest point in the weath-
er conditions. They are roll, sway, pitch, and 
heave. Consequently, the stability of a ship can 
be accurately described by the determination of 
the damping and added mass coeffi  cients for the 
following motions: roll, sway, sway coupled with 
roll, heave, and pitch only.

5) The waves are non-directional and of single peri-
odicity. (This is not the case at sea; however, the 
directional nature of waves was neglected to fi nd 
parameters of submerged parts of the hull, the 
directional nature of waves was neglected).

Coordinate system

The right-handed system of coordinates (Figure 
3) (Faltinsen, 1990) is fi xed with the ship’s center of 
gravity and its origin set at a waterline level. Axis Z 
goes through the center of gravity. Though selecting 
this model introduces some complexity to the math-
ematical model, it allows for a good presentation of 
results.

Table 2. Comparison of the survival stability criteria as per SOLAS 2020 and ICLL 66/88/MARPOL 78

“s” factor as defi ned in SOLAS 2020 ICLL 66 as amended/MARPOL 78 requirements

4
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1) Final angle of heel to be less than 15 or at maximum 17 degrees.
2) The range of positive stability righting lever curve to be at least 20 degrees.
3) The minimum value of righting arm within the range as described in point 2 above 

to be 0.1 m (the metacentric height in the fi nal fl oating condition is positive).
4) The area under the righting lever curve within the range as described in point 2 

to be not less than 0.0175 m·rad.
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Figure 2. The value of attained s-factor for various stability 
parameters from SOLAS 2009
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Figure 3. Selected coordinate system

Dynamic components in motion equation

The general equation governing a 6 degree of 
freedom ship motion can be presented as below, 
and further simplified and divided into the static and 
dynamic components (4) (Schmitke, 1978; Train-
tafyllou, Bodson & Athans, 1983; Faltinsen, 1990; 
Larsen, 2013; Szulczewski, 2017).
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where:
Axx – total added mass coefficient,
Bxx – total roll damping coefficient,
Cxx – stiffness matrix,
Fk – force component, where k = 1, 2, ..., 6, or “s”,
ηv,u – position of a ship (displacement or rotation),
I(y) – total moment of inertia around the axis,
ME – wave exciting moment.

The dynamic components are represented by 
Mjk, Ajk and Bjk (Bowdich, 1995; Hem Lata & Thiag-
arajan, 2007; Fujiwara et al., 2009; Kawahara, 

Maekawa & Ikeda, 2012; Hardin, 2013; Salehi, 
Ghadimi & Rostami, 2014).

Derivation of dynamic components is a difficult 
task, and numerous attempts have been made to 
increase the accuracy of the obtained coefficients.

Still, the common practice remains to validate 
analytical/numerical simulations with tests in the 
ship model basin. For this method, a derivation tech-
nique has been utilized with great focus on eliminat-
ing the risk of overestimating these coefficients and 
limiting the complication of the calculations.

Coefficients Mjk, Ajk and Bjk from equation (1) 
depend on time and the vessel’s position in relation 
to the sea surface. Mjk is called the generalized mass 
matrix of a ship. The M value is the mass of the ship 
and remains constant when afloat. Mzc components 
(see (4)) are related to mass acting on the accelera-
tion in a motion in a given coordinate system. Given 
the selected coordinate system at the waterline, the 
value of zc is the value of the vertical position of the 
center of ship mass against the origin of the coordi-
nate system. Iy, Ix, Iz, and Ixz are the moment of inertia 
values around the respective axis.

Ajk is called added mass coefficients matrix and 
directly reflects the dynamic force acting on the 
structure that is caused by the pressure field of the 
fluid being forced to oscillate by the moving struc-
ture. The added mass in the four motions taken into 
account is governed by the shape of the submerged 
body, frequency of motion, and, naturally, the size 
of the submerged body. It is not an easy task to 
accurately predict the values of added mass coef-
ficients. However alternative methods, such as the 
close-fit Frank method, which were proven to offer 
good accuracy (Schmitke, 1978; Journée, 2001; Das, 
Sahoo & Das, 2006; Hem Lata & Thiagarajan, 2007; 
Wang et al., 2012), may be used. For example, for 
the derivation of necessary coefficients, a hydrody-
namic model may be applied to various ranges of 
“mid-ship sections”, and the mass parameters then 
transferred into a three-dimensional model using 
strip theory.

The roll movement is sensitive to the forces that 
cause it, and hence, to model it accurately, it was 
divided into components presented in equation (5) 
(ITTC, 2011) and further discretized with the use of 
the Kawahara method (Kawahara, Maekawa & Ike-
da, 2012).

 B44 = B44W + B44L + B44F + B44E + B44PP (+Bx) (5)

B44W is a coefficient described as the wave mak-
ing coefficient. The wave component for a two-di-
mensional cross-section is calculated by potential 
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flow theory. A calculation of the damping coefficient 
in sway motion for a given hull form is needed. 
Since analytical formulas can quite accurately and 
relatively easily approximate a ship’s longitudinal 
section, calculation of the wave making component 
at zero speed may be performed by multiplication of 
this coefficient times the roll lever (6) (ITTC, 2011).

   222044 OGlBB wW   
 

 (6)

The ITTC (International Towing Tank Confer-
ence) also provides a recalculation method for the 
wave making component at different speeds. It is 
important to underline that this damping component 
for big ocean-going cargo ships is relatively small 
compared to other components.

B44L is a lift making component that must be add-
ed to ships moving forward and with a sway motion. 
It is described mainly by speed, size of the vessel, 
and the position of center of gravity of the ship (7) 
(ITTC, 2011).
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where: l0 = 0.3d, ld = 0.5d.
B44F is a frictional component and at zero speed 

can be derived from the well-known Kato’s formula. 
Kato’s formula describes this coefficient as (among 
others) a function of area, viscosity, and surface fric-
tion. ITTC proposes another calculation formula for 
ships moving at constant speed forward (8) (ITTC, 
2011).

 fEaffF CrSB  3
044 π3

4
  

 

 (8)

B44E is an eddy making component (9) (ITTC, 
2011) and comes from the sectional vortices. Its rela-
tion to the hull shape was described by half breadth 
to draught ratio and area coefficients. These were 
used in this paper and are considered the industry 
standard. This coefficient is further recalculated if 
the vessel is moving at a given speed.
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B44APP is additional resistance coming from 
appendages such as bilge keels and rudders. All 
external hull appendages have some impact on the 
behavior of a ship. In the method proposed in this 
paper for the identification of physical parameters 
that have a decisive impact on roll motion, only the 
bilge keels are considered. The reason for selecting 
the bilge keels is that their area is usually the greatest 

and that they are specifically designed to reduce 
ships roll movement. Their impact must be therefore 
taken into account. The methodology for calculat-
ing the effect from bilge keels is taken directly from 
the recommended components by ITTC guidelines. 
The B44APP coefficient (concerning bilge keels) can 
be divided into four components (10) (ITTC, 2011).

 B44APP(BK) = B44KN0 + B44BKH0 + B44BKL + B44BKW  
  (10)

In addition to the damping coefficients, the added 
mass in roll motion (A44) may be approximated by 
a function of investigated section area, draught, and 
distance between the center of buoyancy and gravi-
ty of moving hull (11) (Salvesen, Tuck & Faltinsen, 
1970; Faltinsen, 1990).
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Excitation forces

It was found that the change of the initial condi-
tion of the vessel after, e.g. tank flooding, may be 
represented by an excitation force added on the right 
side of the equation (12) (Miller, Slager & Webster, 
1974; Fan & Xia, 2002; Gourlay & Lilienthal, 2002).
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 where:
AF – force amplitude,
A – wave amplitude,
ω – wave frequency,
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t – time,
φ – phase angle (lag),
Cx = Ix·ρx·g

The other excitation forces modelled are the 
forces from waves. The well-known and common 
practice is to measure the significant wave height. 
The significant wave height (H1/3) is by definition 
the mean wave height (trough to crest) of the high-
est third of the waves and is measured by an expe-
rienced crew onboard with the naked eye. The crew 
onboard may relatively easily observe the height of 
waves, but not their period. When evaluating ocean 
waves’ statistics to determine the risks for ocean-go-
ing ships in the shape of a harmonized method, the 
range of periods of waves must be evaluated.

To achieve this, the statistical correlation between 
significant wave heights and the wave periods was 
brought into a two-dimensional shape (Figure 4).
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Figure 4. Example probability density function of the sig-
nificant wave height based on statistical data for worldwide 
trade

The probability values of wave height may have 
a very different impact on the safety of ships depend-
ing on the shape of waves and their period. There-
fore, selecting just one most probable wave period 
is considered a very inaccurate approximation. For 
this paper, the most probable wave period with 
waves of significant height up to 2 meters (a prob-
ability of which is estimated at more than 0.5) was 
investigated.

The forces from waves in the frequency domain 
calculation model were divided into Froude-Kriloff 
forces and moments and diffraction forces, and in 
strip theory, may be presented as integrals for each 
investigated strip (13), (14).
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n3

n2

n4 = y n2 – z n3

f2D = a22(x) ay + b22(x) v
f3D = a33(x) az + b33(x) w
f4D = a42(x) ay + b42(x) v
ay, az, v, w – initial accelerations and speeds approx-
imated per Salvesen (Salvesen, Tuck & Faltinsen, 
1970).

The accuracy of the model used (13), (14) 
depends on (among others) the panelization of the 
cross sections. If the panelization is accurate enough, 
the vertical and horizontal components of vector ‘n’ 
will be accurate. If, however, the panelization is not 
accurate or does not follow the geometry that may 
change rapidly at, e.g. knuckles, the error may be 
large and difficult to control.

Comparison of the probability of survival

There is no proven correlation between the 
weather conditions and the probability of haz-
ard occurrence. Hence, for this method, long term 
weather statistics for the global sea waters were used 
as they are a good representation of the probability 
of encounter during an emergency. Because of the 
above, the statistics used for fatigue calculations may 
be considered valid (Figure 5) (Cummins, 1962).

For these calculations, two initial conditions from 
the identical geometry have been selected:
• “SOLAS” Condition: in which the maximum 

attained GZ is equal to 0.12 m, and the range of 
the positive righting arm curve is 16 degrees, as 
required by the rules (Figure 6).
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• “ICLL/MARPOL” Condition: in which the maxi-
mum attained GZ is equal to 0.10 m, and the range 
of the positive righting arm curve is 20 degrees, as 
required by the rules (Figure 7).
To obtain what may seem like a minor change of 

the stability righting arm curve parameters, a quite 
significant change in the vessel condition had to be 
made. The initial vertical position of the center of 
gravity in the ICLL condition had to be increased by 
1.89 meters, and the freeboard had to be increased 
by 1.28 meters. This suggests that a different loading 
condition design may be required to fulfil these dif-
ferent criteria.

The resulting Righting Arm curves are presented 
in Figure 6, and a comparison of results is presented 
in Table 3.

Table 3. Comparison of roll angles in waves of vessel margin-
ally meeting SOLAS 2020 and ICLL Criteria 66/88

SOLAS ICLL Difference [%]
Hs0.5 T6 0.98 1.38 40.8
Hs1 T6 1.88 2.72 44.7
Hs2 T6 3.72 5.63 51.3

After analyzing dynamic behavior (Figure 8), the 
following roll angles in different sea states have been 
obtained.
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Figure 8. Sample result of rolling angle calculated over the 
period (here for SOLAS condition, wave height 1 m, wave 
period 6 s, wave direction: beam wave)

Way forward

After identifying significant differences in roll 
motion in waves from the vessel meeting ICLL 
and SOLAS 2020 criteria, an investigation of the 
impact of an increase of GZ by just 1 cm on the 
roll motion has been made. (The increase of maxi-
mum GZ by 1 cm was attained by merely lowering 
the center of gravity by 5 cm (Figure 9), the results 
from a seakeeping model are presented in Figure 
10, and a comparison of results is shown in Table 
4).
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Figure 9. GZ righting arm curve GZmax = 0.13, range 16 
degrees
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Figure 5. Frequency distribution of sea states in the function 
of wave periods and significant wave height for worldwide 
trade (total number normalized to 1000)
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Figure 6. GZ righting arm curve fulfilling the SOLAS 2020 
criteria (area under the GZ curve = 0.01801 m·rad)
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Figure 7. GZ righting arm curve fulfilling the ICLL 66/88 
and MARPOL 78 criteria (area under the GZ curve = 
0.01754 m·rad)
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The seakeeping model used to evaluate the sea-
keeping in this work may be considered an industry 
standard. However, theoretical seakeeping calcu-
lations must be validated with model tests or other 
industry recognized methods/software.

Conclusions

This paper’s results clearly identify that a vessel 
fulfilling the SOLAS criteria can be significantly less 
prone to large amplitudes of roll motion and hence 
possible flooding of deck and openings on deck (by 
over 40% in the investigated sea states). In other 
words, the shape of the righting arm as required by 
SOLAS 2020 regulations guarantees a significantly 
better response to wave excitation forces, increasing 
the chance of a vessel remaining in a safe condition 
after damage.

The requirement as stipulated by SOLAS 2020 
provides stability conditions in which vessels are 
stiffer at lower than 10 degrees heel, meaning that 
the roll motion induced by waves is smaller than in 
the case of a vessel marginally complying with reg-
ulations from the International Convention on Load 
Lines (ICLL, 1966). However, the formula for calcu-
lating the s-factor as per SOLAS 2020 assigns a very 
large value to the conditions marginally meeting the 
ICLL criteria; Namely: s = 0.955443.

Further calculations revealed that by increasing 
the required GZ value by just 1 cm, the result on 
the roll angle of a vessel in waves would be signif-
icant (around 4 %). Hence, it seems that it may be 
rational to investigate whether such an increase of 
the required maximum value of the righting arm is 

feasible from a practical implementation point of 
view and application to rules or guidelines.
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